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''^  THEORETICAL  COURSES  ON  AERONAUTICS.  ! 

.1   ,  .        Compiled  by  Lieut.  Menez  and  revised  by  Capt.  Joux  (1917). 

T!i  THE  PRINCIPLE  OF  ARCHIMEDES.   ;;rlj  4,o  : 

The  science  of  ballooning  deals  with  machines  lighter  than  air — 
that  is,  the  total  weight  of  such  machines  is  less  than  the  gravity  of 
the  volume  of  air  which  they  displace.  They  therefore  rise  and  are 
sustained  by  virtue  of  the  principle  of  Archimedes,  the  enunciation 
of  which  is  well  known.  Any  body  entirely  immersed  in  a  fluid,  in 
equilibrium  under  the  sole  action  of  its  weight,  would  be  subjected 
to  a  thrust,  on  the  part  of  that  fluid,  in  a  vertical  upward  direction 
equal  to  the  weight  of  the  fluid  displaced  and  applied  to  the  center 
of  gravity  of  the  fluid  mass. 

We  shall  extend  the  principle  to  the  case  of  fluids  that  are  not  in 
a  state  of  equilibrium  and  apply  its  statement  to  gaseous  fluids.  ...  ^ 
The  principle  of  Archimedes. — -The  resultant  of  the  pressures  ex- 
erted on  a  solid  immersed  in  gas  is  an  upward  thrust  equal  to  the 
volume  of  gas  displaced  and  applied  to  the  center  of  gravity  of  that 
volume.  It  is  called  the  "center  of  tlirust"  or  " stream-linecenter."- 
The  quantitative  valuations  to  which  the  application  of  the  prin- 
ciple gives  rise  consequently  include  the  expression  of  weight  of  a 
certain  gaseous  volume.  With  a  view  to  such  application,  we  shall 
briefly  recall  the  physical  properties  of  gases.    ■  ■  •.  . 

ENUMERATION  OF  TEE  PHYSICAL  PROPERTIES  OF  GASES. 

Specific  gravity. — The  weight  of  the  unit  of  volume  of  a  body  is 
generally  called  the  "specific  gravity"  of  that  body.  It  is  thus  a 
force — namely,  the  efl:ect  of  the  weight  on  a  closely  determined 
fraction  of  the  body,   .•/u.-j^biico  siM^Mig .>i  •j:-irfijV,cJo         w:  ;:;;-;  . 

In  the  C.  G.  S.  system  of  units,  the  unit  of  volume  being  the  cubic 

centimeter  and  the  unit  of  force  tlie  dyne,  the  specific  gravit}^  is 

expressed  in  dynes  per  cubic  centimeter.    We  have,  for  instance, 

the  following  values  in  Paris:  riio  veti'  -^^'-n  -"rn-    Hoi  guT 

For  water,  981  dynes  per  cubic  centimeter.  hc.'rf' 0 

For  air,  1.269  dynes  per  cubic  centim.eter,  air  at  0°  and  at  760  mm. 
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In  the  kilogrammeter  system  of  units,  the  unit  of  volume  being  the 
cubic  meter  and  the  unit  of  force  the  kilogram,  the  specific  gravity 
is  expressed  in  kilograms  per  cubic  meter.  For  water  and  air  we 
have,  respectively,  the  quantities  1,000  kilograms  per  cubic  meter 
and  1.293  cubic  meters. 

!-  In  dealing  with  gas  the  latter  system  of  units  prevails.  The 
quantity  of  1.293  kilos  is  constantly  found  in  all  calculations  in 
which  the  gravity  of  .gas  is  taken  into  account.    -    i- -  < 

. '  -  ■  I'  •      '        DENSITY.      ^  -  'i^  ijsliq^no:'* 

The  term  of  comparison  of  the  ratio  of  a  certain  weight  of  the 
body  B  to  the  weight  of  the  same  volume  of  the  body  A  is  generally 
called  the  density  of  a  body  B  in  relation  to  a  body  A.  Their  ratio 
is  an  independent  quantity  of  the  system  of  units  employed. 

The  standard  body  of  comparison  A  being  selected,  the  density 

of  the  body  B  is  characteristic  of  the  former;  it  is  a  constant 

qualit}^  of  that  body.    The  specific  gravity  is  Imown  by  means  of  it. 

If  a  be  the  specific  gravity  of  the  body  A,  known  once  for  all,  and 

6  the  specific  gravity  of  B,  the  density  d  oi  B  in  ratio  to  A  is  equiva- 

]j    rmq  odi  no  ,.jwirmct  c  oj 
lent,  by  reason  of  the  same  definition,  to--"  j      ^j-f^igv/  gifj  foirpa 

Inversely,  the  equality  i=a  d  gives  the  specific  gravity  h. 

In  the  case  of  solids  and  of  liquids,  the  standard  body  of  com- 
parison is  water.  To  be  precise,  it  must  be  pure  water  at  4°  Cen- 
tigrade and  at  a  pressure  of  760  mm; '  -••a^)»i"'i'*vo'vix  ■'^  Si^^i^rnvn^  ysVi 

Density  of  gases. — In  the  case  of  gases,  the  conditions  of  pressuire 
and  of  temperature  are  of  such  importance  that  it  is  impossible  for 
them  not  to  be  taken  into  account.  They  are  inserted  in  the  defi- 
nition. The  gas  used  for  purposes  of  comparison  is  air  under  estab- 
lished conditions  of  purity.  Practically,  the  composition  of  atmos- 
pheric air  is  remarkably  constant,  excepting  for  the  proportion  of 
steam  it  contains.  This  variability  is  eliminated  by  taking  dr}^  air 
as  a  term  of  comparison. 

The  density  of  a  gas  (it  is  understood  to  be  in  ratio  to  the  air)  is 
the  definition  given  to  the  ratio  between  the  gravity  of  a  certain 
volume  of  that  gas  and  the  gravity  of  the  same  volume  of  dvj  air 
taken  under  the  same  conditions  of  temperature  and  pressure. 

The  ratio  tlius  obtained  is  almost  constant,  whatever  may  be  the 
conditions  of  temperature  and  pressure.  Wlien  it  is  said  to  be 
constant,  it  is  implied  that  the  laws  of  compressibility  are  the  same 
for  all  gases.    This  will  be  taken  for  granted.  -   1  .t- 

The  following  are  the  constant  qualities  for  some  gases:  ■ 

Chlorine   2.45 

Carbonic  gas  .4s       :  1-53 

Oxygen   1.105 

heavier  than  air. 
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Azote  ^v:Ji:ii^m       oM  .ki^i-^-^'^b-  'j^a 

"{■     Acetylene  91 

Steam   625(5/8) 

Ammonia  60 

.      Methane  56 

Helium  139 

Hydrogen  SJ.i'?^ ii>iy . .    ^-  X-.^l^ i  I ; .'il  i;G69'^*-'^'^-'''^^^'- 

lighter  than  air.  ,'.v  /.s 


Illuminating  gas  is  an  industrial  mixture  of  a  composition  closely 
averaging  that  stated  in  the  following  list:  . 


Gas  

H 

CH4 

CO 

C2H< 

Az 

C0« 

45  to  52 ' 

■  32  to  40  ■ 

4  to  6 

4  to  5 

3  to  5 

1  1 0  2  ■ 

The  density  is  approximately  0.40. 

The  relation  between  the  specific  gravity  and  the  density,  noted 
in  a  general  sense,  holds  good  in  the  case  of  gas.  We  have  thus  the 
following  numbers  for  specific  weights  under  normal  conditions  of 
pressure  and  of  temperature:  i 

i") •     Hydrogen,     &=1 .293  kg.  X  .069=.089  cubic  meter.    Ji'^    0  ^  J^-I 
oa  .  .Lighting  gas,  &=1.293  kg.  X  .40  =.52   cubic  meter  (about).  '"0  '^-'^ 

Note. — The  hydrogen  produced  in  large  quantities,  as  in  the  case 
of  the  inflation  of  balloons,  can  not  be  obtained  chemically  pure  in 
utilization  devices.  Its  specific  gravity  will  therefore  be  higher 
than  the  preceding.  One  hundred  grammes  is  practically  the  mini- 
mum for  aerostatic  hydrogen,  taken  at  the  temperature  of  0°  and 
under  the  pressure  of  760  mm. 

We  shall  now  see  the  effect  of  variations  of  pressure  on  the  specific 
gravity  of  a  gas,  commencing  by  varying  the  pressure  only.  ' 

.trfOff.Jhir  h.$<iA*P  ^-^^r  M-     THE  MARIOTTE  LAW.  rr  To  f'AiT.i'"T<'V  -^.f* 

QompressiMlity  of  gases. — At  a  constant  temperature,  the  volumes 
'occupied  by  a  gaseous  mass  are  in  inverse  ratio  to  the  pressures  they 
sustain. 

The  mass,  and  consequently  the  total  weight,  being  invariable, 
the  specific  gravity  or  gravity  per  unit  of  volume  is  evidently  in 
inverse  ratio  to  the  volume.       '  -''-^■'■j  -.-^'i^-'i-y  c'fi-s  .-. 

The  specific  gravity  and  the  pressure,  both  inversely  proportional 
to  the  volume,  are  together  directly  proportionate. 
,  These  terms  may  be  expressed  by  the  following  relations: 


.01  .v.[i,i .  G...ia9    1^.2^.  =  constant  =  c  (Mario tte).  j,-;.,: 
■- •  ■    v. a.  =  constant  =  c'  (total  weight). 


'.J 


(1) 

(2) 
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By  dividing  the  parts  separately,  we  get:  .'.i^.^ii.  .©^h  - 

a:  ■  . .  . .  .     ...  ,   -  .      .  ./J .  .j-'-'rV  i^TviOfi9lv.t^?'- 

  -  =  — constant.    ■•  •;■'<•;••- — tm^l 

"  ■  .  p      C  _  C'liomrrr  A 

If  two  different  conditions  of  the  gaseous  mass  be  considered, 
characterized  respectively  by  the  elements  ;a . . .r^^>T^o•i^j'^^r  '  i^*^ 

'  pi,  a^,      '     '      ■        nJi*rW'  Mrrgi! 

•  '!()!•' ;>:oci'n.:;-;  ,iV"fo  ^     v,.      (u^aubsf'i  xf-rt  ai  ang  i^cdjjsnioiMil 


j, :,,....j.,.9xanUv*  '  (2') 

)■«  ,8fil  0^'ywiad  ii6i^>f5la'i  O-fiT 
coo.  lfua'K»a  -Mibii"  ^'—d  y^'h.  '-oq^!  lot-fm^fOiTPi -gjctiw^)^^ 

Let  us  take  the  particular  case  of  air  supposed  to  be  maintained 
at  0°.  Under  a  pressure  of  760  mm.  its  specific  gravity  is  known  to 
be  1.293  kilometers.  Under  pressure  of  p  millimeters  of  mercury, 
it  will  be  equal  to  ,  .  :, 

a—\ .293 X . ^ ' ''-ssiOir/oi)  ■  lioiYfiSHS'ir 

-.o,Tjin        viifioiJ-'Eii'.f -ii  ?e  '     760'  onO    .^xiihoostq  odi  rtisiij 

TEE  LAW  OF  GAY-LUSSAC.  ..yr  --^^ 

Calorific  expansion  of  gases. — The  effect  of  a  rise  of  temperature  on 
gases  is  to  make  them  expand,  like  some  other  bodies.  By  reason 
of  the  compressibility  of  gases,  to  which  we  have  just  called  atten- 
tion, the  variation  of  volume  thus  obtained  can  not  be  stated  without 
knowiirg  exactly  what  pressure  is  sustained.  We  shall  begin  by 
supposing  such  pressure  to  be  kept  constant.  .  .  MnV.  r.^  r..-;  ,r  hn'^'^u'^oC'' 

The ^w  of  variation  is  the  universal  law ;  so  long  as  the  temperature 
varies  within  sufhcientiy  narrow  limits,  the  variation  of  volume  is 
proportional  to  the  initial  volume  and  to  the  variation  of  tempera- 
ture, as  the  elongation  of  a  bar  is  proportional  to  its  initial  length 
and  to  the  increase  of  temperature..,,..  b«.s.^ii^«t^'.-?.8ioo«f8 

It  may  be  stated  that  .yioqciq;  'Hiamjhaoiho'P!iy^m'£&  .omskit  oM  al; . 

If  the  particular  case  of  a  variation  of  temperature  from  0°  up  to 
t°  be  considered,  if     and  v  are  the  two  volumes  of  the  gaseous  mass 
at  0°  and  at  t°.  the  formula  will  be  as  follows:         .......  ...  , 

L  ) 

v-i\  =  v4,  (5 


we  get 


or  finally  .  r^:,A.:i^'f    .sivg  'i'.* 


^  = 
^2  pi 


a,  p,' 
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whence  v  =  V(,  (1  0  in  expressing  the  vahie  of  the  coefficient  of  pro- 
-^portionahtj,  in  this  ease,  by  a;  a  is  called  the  "coefficient  of  expan- 
sion" of  gas. 

The  substance  of  the  law  of  Gay-Liissac  is  as  follows:  The  coeffi- 
cient of  expansion  is  the  same  for  all  gases.  •  ^-^r-  ^rfv  -v.,;j  c-. 
ill  This  law  is  very  approximately  correct  in  the  case  of  gases  which 
liquify  at  a  very  low  temperature  (among  which  hj^drogen,  azote, 
and  oxygen  may  be  particularly  noted)  and  which  are  sometimes 
called  perfect  gases.  It  is  sufficiently  exact  for  other  gases  and 
steam  when  taken,  as  m  the  present  case,  with  slight  variatiou.s  of 
temperature.  '].: 

The  value  adopted  for  the  coefficient  a  is  1/273  =  .00366. 
'^•^  If  the  temperaturs  rises  from  9°  to      the  vohime  thus  increases 
by         of  its  value.     .His'f-ae'ia  :Tn.f;.t.-\no'>      noi';.ii-,r-nyrt  \c,    ,-<|  .c;rf;t-  h.^ 

Suppose  a  first  value  i=10;  the  volume  has  increased  by  10/273, 
that  is,  by  about  1/27  or  36/1000  of  its  value. 

Suppose  that  a  second  value  t'=27.  From  0°  to  27°  the  volunie 
has  increased  by  27/273,  that  is,  by  about  one-tenth  of  its  yaluei'iiS'-.  T 
/R  Let  us  prove  that  the  coefficient  of  proportionality,  which  has  been 
designated  by  two  distinct  letters  in  formulas  (4)  and  (5),  varies  for 
this  reason  from  one  case  to  the  other.  We  shall  therefore  express 
the  two  volumes  v  and  v'  at  temperatures  t  and  /'  according  to 
formula  (5) : . xxs  rsf  bo^'ieT'  sd  vjiin:  .exuiKisqiay;  hm■i:  ■fr^!^Be'^q 

gxjr-^'off-^i  arid  -{d'nsv%^8r;sru;^^'=-yo  (1  ^')»,:.v^'7feiv.rfKaft  6(1  jij^ilroiJikj 
"Whence.-  ■       ■     :,  .:  -  ^^r. 

■vo        -o^'.ar^.^  ;n.r     v' -v^v,  {f -t) -=v, (6) 

In  the  second  part,  we  shall  replace  i\  in  function  of  v  according 

to  formula  (5):  there  is  still  ; 

jOo^i  io  ic/Jo^iiJi  \      273  '^i~i> '-^no'ii  i)OJljiji^i^  YjJoOiib 

This  gives;i(^e;'i9n*t...  .Jxh-?^:--  ■■  i - '      o#  la  aos;  (6') 

A  rise  of  temperature  of  1°  at  constant  pressure,  startmg  from  t°, 
therefore  mcreases  the  volume  by  1/273  of  its  value  to  0°  or  from 
1/273  t  of  its  value  v  at  t°. 

For  instance,  whenJ  Jis  about  25  or  30°,  K  is  about  1/300.  It 
frequently  happens,  nevertheless,  that  a  rise  of  temperature  of  1°  is 
said  to  make  the  vohime  increase  by  1/273  of  its  momentary  value, 
withoiit  its  actual  temperature  being  taken  iato  account.  This  is 
an  approximate  statement  to  wliich  there  is,  as  we  shall  presently 
see,  a  correspondingly  approximate  calculation. 

126155—20 — -2 
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■  We  shall  now  make  the  temperature  and  the  pressure  var}^  succes- 
sively to  commence  with,  so  that  the  laws  of  Mai'iotte  and  of  Gay- 
Lussac  may  he  applied  in  the  same  order:  ■  >■■. 

1.  The  temperature  alone  varies  from  0  to  f-  :  v  =  ?;o  (1 +«  i). 

2.  Let  the  pressure  alone  be  varied  in  order  to  bring  the  volume 
up  to  its  value  The  condition  thus  obtained  would  be  the  residt 
of  heating  from  0°  to  t°  at  constant  volume.  But  the  pressure  has 
become  v  in  such  wise  that  :        ,.  - 

Thus  i^^yT^'^'^^^'^'P^'^  {l+cct).    ^^^^,.3^  ^^^^^  ^^Q^g 

The  law  of  variation  of  pressure  with  constant  volume  is  the  same 
as  the  law  of  expansion  at  constant  pressure.  q/ri.i.v  pji-  To  ;:Y5\Y  vd' 
.«  3.  Let  the  volume  and  pressure  be  varied  in  any  manner  what- 
ever at  the  same  temperature  t.  According  to  the  law  of  Mariotte, 
if  P  and  V  are  the  two  actual  values  of  pressure  and  volume,  the 
result  is  necessarily 

This  formula  characterizes  the  most  general  transformation  that 
any  one  gaseous  mass  can  undergo.  Two  of  the  elements,  volume, 
pressure  and  temperature,  may  be  varied  in  an  arbitrary  manner, 
and  the  third  results  therefrom.  If  the  pressure  and  temperature,  in 
particular,  be  arbitrarily  varied,  the  volume  is  given  by  the  following 
formula : 


Up 


The  law  of  variation  of  specific  gravity,  general  in  this  case,  is 
directly  deduced  from  this  formula.  We  know,  as  a  matter  of  fact, 
that  the  specific  gravity  varies  in  inverse  proportion  to  the  volume 
by  reason  of  the  constancy  of  the  total  weight.  Therefore,  if  Oq  be 
the  specific  gravity  at  0°  under  po  pressure,  the  specific  gravity  a, 
under  pressure  P  and  at  a  temperature  t°,  will  be  expressed  as  follows: 

_i.''o.->--',.ji-...  •  ..-J'.r,..  .  ■     _     _  _£_     1       '      -wfii  n 

"Po  l+at' 


This  shows  that  we  might  already  have  deduced  from  formula  (5) 
that,  in  the  particular  case  when  the  pressure  remains  constant,  the 
specific  gravity  varies  in  inverse  proportion  to  the  binomial  of 
expansion. 

Under  any  new  conditions  whatever  of  P'  and  t',  the  specific  gravity 
is  thus  expressed: 

a   =Go —   77'  - 

2 — 02--aoia2i 
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T.  Froni  tMs  we  deduce: .  io  oimam-.j  OiiJ  ad 

-   .  ^       1+^'  :.<r    ^^^^ 


which  relation  gives  the  variation  of  the  specific  gravity  when  the 
temperature  and  the  pressure  pass  from  any  two  values  to  any  two 

^new  values.     nobr/sh.  o-f  irofi-^Arm  tmiai.  ari-t      M-::>.t  a-.-..?  l-J 

Artifice  in  calcv.lafion. — It  must  be  recollected  that  if  e  be  a  quan- 
tity that  is  small  in  ratio  to  1,      ^    niay  be  replaced  by  1  — e,  an 

1  +  e 

approximation  which  amounts  to  neglect  of  the  term  of     in  ratio 

to  1.    We  may  thus  replace  by  1  —  at,  so  long  as  t  is  not  high. 

Relations  (9)  and  (10),  giving  the  specific  gravities,  are  then  ex- 
pressed as  follows : 

ofa»£  _o;:d  79hra,  ho-!of)iea'=a-[l-a(i!'-0].  ,  o,f^       brra  ^..(10') 

Setting  aside  variations  of  pressure,  it  is  seen  that  a  rise  of  tem- 
perature of  1°  diminishes  the  specific  gravity  by  1/273  of  its  value. 
In  (9')  it  is  by  1/273  of  its  value  at  0°,  and  m  (10')  by  1/273  of  its 
:value  at  t'.  The  difference  which  has  been  noted,  with  regard  to 
volumes,  no  longer  exists.  By  applying  the  method  of  calculation 
to  the  volumes,  moreover,  the  preceding  difference  is  likewise  done 
aAvay  with.  We  have  thus  a  more  exact  idea  of  the  degree  of  approxi- 
mation realized  by  utilizing  the  method  of  calculation. 

i,-  M^,,-r        CT,     THE  MIXTURE  OF  GASES.         ,     -,,  , 

■    Let  us  take  the  case  of  several  masses  of  gas  at  the  same  tem- 
perature and  occupying,  respectively,  volume      under  pressure  Pi 
volume  V2  under  pressure  P2  for  the  second,  and  volume  under 
pressure  ^3  for  the  third,  etc.  f  i- \      .  .  '  :•■  ;     "    •  ■ 

Let  them  be  mixed  in  a  capacity  of  volume  V.  The  gases  diffuse 
more  or  less  rapidly,  but  in  such  a  manner  that  the  mixture  finally 
becomes  homogeneous.  The  temperatiu:e  will  not  have  changed  if 
the  gases  have  no  chemical  action  on  one  another.  The  law  of 
Dal  ton  tells  us  that:  The  pressure  of  the  mixture  is  equal  to  the 
smn  of  the  pressures  which  the  different  masses  of  gas,  made  to 
occupy  the  volume  of  the  mixture,  would  have. 

7)  V 

The  first  gas  would  be  subjected  to  the  pressure    y^'  the  second 
.to  a  pressure  of         etc.  '  ■ 
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If  P  be  the  pressure  of  the  mixtm-e,  the  law  is^expressed  thus: 


: whence  we  deduce^ih^r;        -  '  k>vU  j:^^  iLjxjM 

r-  ^  ^.-H,,.^  ,:^/.^.PV=p{v^  +  p2V^  +  PsVs,  etc.      f--  \  / 

If  the  two  parts  of  the  latter  equation  be  divided  by  P,  we  shall 
obtain  another  enunciation  of  the  law:        .«ortj-xVvv>k30  uj  at)s\f^tis. 

F=^;  2i  +  -y^2?  +  V3?'3,  etc..  ^ 
m  S  io  rr-roJ  erf?  2^       P       P  ^-'r^-.. 

or:  The  volume  of  a  mixture  of  several  gases  is  equal  to  the  sum  of 
the  volumes  which  the  different  masses  of  gas  would  have  if  the 
pressure  of  the  mixture  were  brought  to  bear  on  them.    ..y. . 

FIRST    APPLICATION — SPECIFIC    GRAVITY    OF    A    MIXTURE    OF  TWO 

GASES,.  . 

This  determination  naturally  supposes  the  specific  gravities  of  the 
mixture  and  of  the  components  to  be  considered  under  the  same 
pressure,  as,  for  instance,  under  pressure  P  of  the  mixture.    Let  V 
be  the  volume  of  the  mixtxu-e,  a  its  specific  gravity:  V^,  V2, 
the  volumes  and  the  specific  gravities  of  each  of  the  components.,. : 
-  According  to  the  second  enunciation  of  the  law,  V=Vi  V^. 

The  total  gravity  may  be  expressed  in  two  ways.  By  equalizing 
the  two  expressions 

sxiOM  nnr-Aii  hi  t3ono-i9'ilihFa=  V^a^  .^^^2;  ,(k>to!xi ^gamulov  Qdi  aJ 
whence    ■  ^"^•A;i;eb  o&s  lo  holh  .i^i^.     '    y  '''^         ■'^^^"'^  ''^^^ 

.iiof-tjiLioi/io  l.-a*-^,       ^0,2'  ''       «,b©5il-fs9i  xioidam 

Fi  and  characterize  the  proportion  in  volume  of  each  of  the 
gases  in  the  mixture.    If  we  call  the  percentage  of  the  first  gas 

the  percentage  of  the  second  will  be  i^n'ioq 

Lr^w.  mep^  ,u[T    /T  ^a.  \Vj  ^     ho:6in  ad  xnoiii  ^aJ  ^ 

The  relation  is  expressed  thus.:,,  j„,r  ,vlbiqxii  88.9 f  10  Ma 

,  .       .  '    ,  ■  ■    '     a  =  ai.r  +  a2(l -x).  rgoraoxi  ftoinouad 

0/i  We  shall  make  use  of  this  relation  in  deterxninmg  the  respective 
proportions  of  air  and  of  hydrogen  in  an  inflating  gas  of  given  specific 

gravity.  .ov  .-n  ..li.to//  ^-iujo /ijuj  :-juj  10  amx/iov  6xiJ  yquooo 

-i^      SECOND  APPLICATION— GRAVITY  OF  A  VOLUME  OF  MOIST  AIR. 

The  quantity  of  water  vapor  contained  in  the  atmosphere  is  ex- 
pressed by  the  pressure  which  such  water  vapor  would  have,  con- 
tained in  a  determined  volume  and  supposed  to  occupy  all  that 
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volume  alone.  Such  pressure  is  called  tension  of  water  vapor  in  air. 
It  is  generally  denoted  by  the  letter/.  According  to  the  law,  the 
mass  of  dry  air  contained  in  that  volume  ami  made  to  occupy  alone 
the  whole  volume  would  thus  be  U—f  at  //  pressure,  JJ  being  the 
atmospheric  pressure;  that  is,  the  pressure  to  which  the  mixture  is 
subjected.  •  •■  .'.•u/j.i.  jocruioj  .-ylt  ritrV  •^jLb.c-sif 

If  the  temperature  of  the  moment  be  denoted  by  t,  the  vv^eight  of 
dry  air  contained  in  the  volume  is  therefore  equal  to: 

■  :V  'T^:  us- :         '-^s^xfeg^xji^.,;  — — ■  (11) 


The  specific  gravity  of  water  vapor  contained  in  the  same  volume 
is  equal  to     ^       .  -     -  .,     ■  , 

-j.G-Ou  ...iih^r    m'=^Vxl^'dZX%X^^y     -—^^  (12) 

%  being  the  density  of  water  vapor.  """"     ~  '  "  ~ 

The  gravity  of  the  volume  V  of  moist  air  is  thus  equal  to  the  sum 

We  may  express  it  by  taking  as  a  factor  the  e^pressibu  '' 


760    1  +r,  ■  .  ■ 

which  we  shall  represent  by  X.  .-■=«  ' 

In  consequence 

M=Xx{H-f+%f)^Xx{H-ysf). 

.;.  Finally 

this  gives  the  gravity  of  a  volume  V  of  atmospherically  moist  air, 
H  mm.  of  mercury  /  mm.  of  mercury  and  t  degrees  being  the  actual 
conditions  of  atmospheric  pressure,  of  moisture,  and  of  temperature. 

It  remains  to  specify  how/  is  to  be  determined.  It  is  the  function 
of  devices  called  "  hygrometers."  There  is  one  €)f-  which  the  principle 
can  not  be  contested,  namely,  that  consisting  of  determinmg,  by 
weighing,  the  gravity  of  vv^ater  vapor  contained  in  a  volume  of  moist 
air  after  such  vfater  vapor  has  been  absorbed  by  absorption  tubes 
carefully  calibrated.  This  amounts  to  direct  m.easm-ement  of  the 
preceding  gravity  m'.    In  return,  relation  (12)  gives/.    '-'^^'^  : '  ■ 

It  is  thus  found  that/,  at  a  given  temperature,  is  at  most,  equal  to  a 
certain  value  F,  which  is  called  maximum  tension  of  the  water  Vapor 
at  that  temperature.  'When  such  value  has  been  attained,  the 
water  vapor  commences  to  condense,  to  form  small  drops.  Inversely, 


14^ 
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if  the  tension  of  water  vapor  in  a  gaseous  mass  is  lower  than  the 
saturation  temperature,  the  water,  brought  into  contact  with  the 
gas,  vaporizes.  At  the  end  of  a  sufficient  time,  a  gaseous,  mass  in 
contact  with  water  will  thus  be  always  saturated.  v.-r-  ' 

The  maximiim  tension  of  Avater  vapor  continues  to  increase 
steadily  with  the  temperature.  , .  .  .ba^ooidu 


Herewith  are  stated  some  of  the  values: 


t 

10° 

0° 

10° 

20° 

25° 

30° 

40° 

100° 

F  

Mm. 
2.1 

Mm. 
4.6 

Mm. 
9.1 

Mm. 
17.4 

Mm. 
23.5 

Mm. 
31.5 

Mm. 
54.9 

Mm. 
760 

The  application  of  formula  (12)  gives  us  the  gravities  of  water, 
vapor  contained  in  a  cubic  meter  of  gas  at  saturation  tension.  ''"^ 
It  is  found,  at  the  same  temperatures  as  those  preceding,  to  be— 


,  Gt. 

Gt. 

Gt. 

Gt. 

Gt. 

■  Gt. 

Gt.  . 

Gt.  '■ 

;  ;4.9 

9.3 

17.1 

23 

30 

50.6 

590 

We  shall  find  out  precisely,  by  a  numerical  calculation,  the  respec- 
tive value  of  the  effects  of  temperature,  of  pressure,  and  of  hygromet- 
ric  conditions  on  the  specific  gravity  of  atmospheric  air,  expressed 
in  the  most  general  manner  by  the  following : 


a  =  1.293 


a  =  1.293 


H-Vsf 
760 

H-  Vsf 
760 


(l-i/273).  _  ' 


1.  Let  us  first  take  the  case  of  a  variation  of  temperature  alone, 
the  other  factors  remaining  the  same.  We  shall  notice  that  the 
fraction — . 


when  H  is  the  atmospheric  pressure,  is  very  nearly  1.  If  we  con- 
sider it  as  1,  it  will  be  seen  that  the  temperature  bemg  raised  by  1°, 
the  specific  gravity  diminishes  by-  ,boj.^.jfloo       ^ofl  r  . 

io  T'tr/STg  9jd^  ^•gnld:A  ■ 

••:7  IQ^Wlf  rfojfa  'It:  "' 


0;  • 


1.293  k. 

--273--  or  4.7  gr. 


If  we  take  into  consideration  the  limits  within  which  the  tempera- 
ture varies  as,  for  instance,  by  referring  to  the  measurements  given 
by  an  observatory  (Montsoiuris,  from  1871  to  1883),  we  find  a  maxi- 
mum of  37°  and  a  minimum  of  — 23°;  that  is,  a  difference  of  60°. 
The  variations  in  specific  gravity  arising  from  the  temperature 
alone  thus  amoimt  to  about  4.7  gr.  x  60  =  280  gr. 
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2.  Let  us  take  the  case  in  which  the  pressure  alone  varies,  suppos- 
ing the  constant  value  of  the  other  factors  to  have  no  practical  effect 
on  the  value  1.293,  an  increase  of  pressure  of  1  ram.  of  mercury 
increases  the  specific  gravity  by  - 

.aei-  -S&dj  .                            1293     ,  _  4;-; ,ili;7r(  'n',-v">jVaf« 

■    '       >  :   =  17  T  -r 

A  variation  of  pressure  of  about  3  mm.  of  mercury  has,  therefore,  the 
same  influence  as  a  variation  of  1°  ia  temperature.  .  i.-, 

The  limits  within  which  the  pressure  varies,  according  to  quanti- 
ties given  by  the  Observatory  of  Montsouris  from  1873  to  1884,  are 
from  731  mm.  to  787  mm.  of  mercury;  that  is,  a  difference  of  56  mm., 
corresponduig  to  a  total  variation  of  about  95  grammes.  . 

3.  In  order  to  know  the  importance  of  the  hygrometric  conditions, 
let/ be  allowed  to  increase  by  1  mm.,  when  the  specific  gravity  will 
dimiaish  by  .  about  , 


J' 


H-'-;^-.^'^'  '1293  3 
760  ^8 


Xg,  or  1.7  gr.  X  %;  that  is,  .7  gr. 


I 


There  is,  however,  slight  variation  in  the  hygrometric  condition. 
In  the  course  of  a  day,  even  in  summer,/ rarely  vai'ies  by  more  than 
1  mm.  The  maximum  scale  of  the  variations  does  not  attaiji  more 
than  20  mm.,  so  that  the  resultmg  maximum  variation  for  specific 

gravity  is  10  grammes.j.vYio.ifTi-  vfr.o  ri\f--V  -^Oi-j-Aen}  ■j.c-J,  .-n--  «/•  fJo-'s 
The  direction  of  the  variation  /  is,  moreover,  the  same  on  an 
average  as  that  of  the  variations  of  ^;  so  the  lowering  of  the  specific 
gravity  of  the  atmospheric  ah,  with  the  temperatxu'e,  is  slightly 
greater  than  that  shown  by  the  preceding  quantities.  This  may  bo 
taken  into  account  in  the  formulas  by  replacuig  the  coefficient  a 
by  a  rather  higher  figure.    1/250  or  .004  are  generally  taken. 

If  we  likewise  take  into  consideration,  in  the  gravity  at  0°  and 
760,  the  slight  quantity  of  water  contained  on  an  average  in  atmos- 
pheric air  at  that  temperature,  we  shall  be  induced  to  adopt  1.292 
as  normal  gravity.  The  gravity  of  a  cubic  meter  of  air  would  thus 
be  given  in  terms  of  2  variables  only,  by  the  formida —  •  ■ 

.•ion.)..fm)uag.  ^  n,^^^_292  ^  (1  - .004  0- 

With  an  increase  of  1°  in  temperature,  the  specific  gravity  would 
imdergo  a  diminution  of  about  1. 292  x. 004  =  5  grammes. 

The  specific  gravity  of  the  air,  for  mstance,  at  a  temperature  of , 
15°  and  with  a  pressure  of  750  mm.,  vfould  be  equal  to 

^^iruA^'B^   1.292 -5x15 -'17  =  1.200  grammes.    ^^■'i-^^>"J!  i-Ji 
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-aoqq;-<&  .i/'A      THE  LIFTING  POWER  OF  A  GAS/'"'48f/4fl}>| 

The  idea  of  the  lifting  power  of  a  gas,  v,4iich  is  fundamental  in 
ballooning,  is  the  result  of  the  application  of  the  principle  of  Archi- 
medes to  the  unit  of  volume;  that  is,  to  the  cubic  meter  of  light  gas 
imtmersed  in  air,  by  abstracting  the  envelope  which  contains  that  gas. 
The  two  forces  acting  upon  it  are,  therefore,  its  weight  ft  do^^'n.wards, 
and  the  thrust  of  Ai'chimedes  a  upvrards.  a  and  h  are  nothing  more 
than  the  specific  gravities  of  the  air  and  of  the  gas.  The  resultant 
of  these  forces,  directed  upwards,  is  ecjuivalent  to  o  — 

It  is  this  difference  which  is  called  the  lifting  power  of  gas.  ^''"^ 

The  lifting  force  of  a  gas,  however  light  and  rarefied,  is  thus,  at' 
most,  equal  to  a. 

Its  value  varies,  moreover,  Vvdth  the  conditions  of  pressure  and 
temperature,  like  the  two  specific  gravities  which  enter  into  its^ 
expression.       '    ^  '  -  v-  a  -  /Y  y 

With  a  viev.^  to  simplicity,  variations  in  atmospheric  moisture  will 
not  be  taken  into  account.    The  specific  gravity  a  is  thus  expressed: 

P      1  \  , 

T 

There  is  no  hypothesis  to  be  made  for  the  moment  with  regard  to 
the  water  vapor  contained  in  gas.  It  should  be  considered  as  taking 
a  part  similar  to  that  of  any  ordinary  impxirity  contained  in  the  gas,- 
such  as  air,  for  instance,  which  only  intervenes  by  increasing  the ! 
average  specific  gravity.  Let  t>e  the  specific  gravity  of  the  gas  at 
0°  and  at  760.  If  the  gas  be  of  the  same  pressure  p  and  the  same 
temperature  i  as  the  exterior  air,  we  get: 

;a  -/(hj  (lu  1,.^  .     "760  1+at  ;    jjw^di  •mi'^hi 'mlitn  Si  id 

Therefore:  or/ .at  .;. ..  .  .  .  -..  niui  e^lai  s^ivraiif  aw  II 

,.;x;'.:sv.;i  •       ^  '  '             •-  \'  jVlhlBUp  ■td'gik.  bcU  fic 

■A'i^'j.l-Uuym-  a  —  'b  =  (ao  —  ho)  759  1  +c«5V;mt----l'ftff-i  ta  -trn  mrnd 

Lifting  power  is  said  to  follow  the  laws  of  Mariotte  and  of  Gay- 
Lussac. 

It  must  be  remarked  that  the  gas  contained  in  a  balloon  is  gener- 
ally under  conditions  of  temperature  and  pressure  different  to  those 
of  the  outer  air. 

In  a  dirigible,  for  instance,  the  gas  is  subjected  to  an  interior  exces- 
sive pressure,  the  average  value  of  which  may  be  taken  as  equal  to 
40  mm.  of  M^ater  or  3  mm.  of  mercury.  The  specific  gravity  of  the 
gas  then  increases  by  3/760  of  its  value,  which  is  about  ^  gramme 
for  an  average  inflation  gas.    The  lifting  power  thus  diminishes 
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correspondingly.  For  a  balloon  of  6000  cubic  meters,  like  the 
Fleurus,  such  excess  of  pressure  is  equivalent  to  an  overweight  of  1. 

jmv%^mmm,mm.  eooox.s gr.=3 kgs.  ' 

which  is  very  low.  -i.:M^  i-;,!!  -.!  ...     ->  -  ■       -'  kj!.  '-'j 

The  temperature  is,  on  the  other  hand,  generally  higherrin  climbing" 
than  the  outer  temperature: 

Supposing  that  HunV^vrii  "^o/ 


•/(■■■ 


0  is  what  is  called  the  heatmg. 
The  specific  gravity  l  becomes : 


°  760  l  +  a(i  +  e)   


5,  ^[l-aa  +  < 


instead  of:  - 

It  has  thus  diminished  by: 

The  lifting  power  has  therefore  increased  to  the  same  extent. 
Let  P/760  be  considered  as  1.  The  lifting  power  of  the  gas  thus 
increases,  per  degree  of  heating,  by:-     _  -  ' 


r-  ..       273  ...     .,  .     :  - 

that  is,  about  ^  gramme  for  an  average  gas.      ;  ...  .      ;  • , 

When  a  dirigible  is  moving,  the  heating  does  not  generally  attain 
high  value,  on  account  of  the  contmual  cooling  of  the  streamline  by 
the  wind  of  its  own  speed. 

In  a  free  balloon,  on  the  contrary,  it  frequently  happms  that  the 
temperature  of  the  interior  of  the  balloon  is  20°  or  30°  higher  than 
that  of  the  outer  temperature.  In  the  case  of  a  balloon,  with  a 
capacity  of  750  cubic  meters,  the  lightening  thus  produced  would  be 
about  .5  gr.X  750x25;  that  is,  nearly  10  kilos,  which  is-  very 
remarkable  in  relation  to  the  quantity  of  maneuvering  ballast  carried 
by  such  a  balloon.  Proportionate  lightenings  may  even  be  pro- 
duced in  a  dirigible  when  the  Avind  of  its  own  speed  is  diminished  or 
stopped  by  slowing  dov/n  or  stopping  the  propellers,  as,,  for  instance, 
when  landing. 

126155—20  3 
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The  purity  of  a  gas. — In  order  to  know  the  aerostatic  value  of  a  gas 
of  which  the  lifting  power  is  known,  it  is  essential  that  the  conditions 
of  temperatiu-e  and  of  pressure,  corresponding  to  the  quantity  given, 
are  precisely  knowni.  As  the  nominal  lifting  power  of  a  gas,  the 
quantity  is  always  taken  which  supposes  this  gas  to  be  brought 
under  normal  conditions  (0°  —  760  mm.) ,  and  it  is  specified  as  being  in 
ratio  to  normal  dry  air.  '  ^     •  •  ■ 

The  number  thtis  given  is  characteristic  of  the  purity  of  the  gas. 

Take,  for  instance,  the  qiiantity  of  1.155  grammes  found  on  the 
Fleurus,  March  16,  1917. 

We  get:  .-^  ^  .:;F.,;,rj  ^ 

Co  -  &o  =  1293 -&o  =  1155.     .\:r&-r§ -Stuc 

Therefore 

^0=1293-1155  =  138.  '^''-r'',  -  r^ic-^ry.  ^wn 

Suppose,  for  the  sake  of  simplicity,  that  the  only  impurity  con- 
tained is  air.   

We  shall  apply  the  formula  of  the  mixture:  !     .         n  -  .  x'  •  • . -•a';. 

:'to  ni;ol?ni 

a  =  a{X  +  a2  (L— x) 

where  we  ought  to  make  Oi  =  89,  specific  gravity  of  pure  hydrogen  and 

a2  =  1293,  specific  weight  of  air. 
We  get  .     ■  , 

138  =  89x1293(1 -x),     '   '  ■  '  '  ' 

.  ..f.  i    (1293-S9)x=1293-138  =  1155.    ,^v^eif  OSy^ 

There! ore  -;vo  ^j^mju^ii  V»  •jyfgnh  1"{><i(  Jif; 

1155  , 
X  =  jr^Q^  =  05  per  cent. 

1204  is,  hov^-cvcr,  the  lifting  power  of  pure  hydrogen.  It  is  prac- 
ticnily  ti  e  maximum  value  of  the  nominal  lifting  power. 

T!io  iierco^itLge  of  pure  hydt-ogc*;-!  of  a  gas  is  thus  equal  to  the  ratio 
of  the  lifting  power  of  the  gas  with  the  lifting  pov.'cr  of' pure       "-'^  ,^ 

hi  the  case  of  froth  gas,  collected  at  the  time  of  inflation  at  the 
dehyciy  j)ipc  of  tlie  fuctmy,  tb(>  lifting  power  attai.ns  and  exceeds 
11S5.    The  proportion  of  pure  7/  coiltain'jd  is  tliu^  about i"'/^'"'^'''-';"^"'!^ 

lL;M  ,/  1..!.  iJ.;:.'^  ui    ^.O'U-iJ   j,>qiJI.'):*  ,au3  . 10, 

f)d 'hi u<rn.  howlynq  .sj)."'  ; US^._'  J^i'       .  ■!;?ianrT  oiduo  'QfA  'iQ^-^ifoiiqm^ 

ly*r,  ••  •  4  rifsh'.rnyyiuti'A  'to  vli.;i.t;,fn  -'n  i  ol  noiinhi  ni  olihrAnsca'xi 

NoTK.' — It  must  not  he  forgotten  that  the  lifting  power  of  a  gas,  as* 
we  have  just  doiincd  it  and  examined  it,  relates  to  a  determined 
volume  of  gas  (the  cubic  mster),  but  to  a  variable  mass.    Moreover,'' '• 
liie  total  lifting  p:>\vcr  of  a  determined  mass  of  gas  is  .evidently;' - 
constant.  .^nmuiliioiiy/j 
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,  \  Measurement  of  lifting  power. — It  is  based  on  the  application  of 
the  following  law  of  Bernouilli:  r  vvj  ■  ;;■•>:• 

Two  equal  volumes  of  two  gases,  under  the  same  pressure,  take 
time  proportional  to  the  square  roots  of  their  densities,  in  flowing 
through  a  capillary  opening. 

The  measurement  is  realized  by  the  Schillmg  device,  which  is 
composed  of  a  test  bar,  turned  upside  down,  and  a  tub  containing 
oil  or  Avater. 

Two  indicating  marks,  m  and  n,  are  made  on  the  test  bar;  they 
limit  the  gaseous  volume  which  is  made  to  flow  through  the  capillary 
hole.  The  pressure  which  determines  the  flow 
of  the  gas  is  the  height  of  the  column  of  oil 
separating  the  two  levels  in  the  interior  and 
on  the  exterior  of  the  test  bar.  The  pressure 
is  thus  variable  during  the  operation,  and  the 
wisdom  of  the  application  of  the  law  may  be 
doubted.  The  following  argument  cancels  the 
doubt: 


the 


m 


Let  us  consider,  for  hydrogen  and  for  air,  i;.^n'')^...^^j^yyyr 

e  passage  of  the  oil  column  of  a  height  z  y'^i^'^f/'^//^'t//\ 

,   .       ,             sufficiently  ^^fi/f^i//// /f/A 

flow  of  gas  y/f// ///////// /Ik 


at  the  height  x  +  Ax,  l\x  being 
smaU  to  enable  us  to  consider  the 
taking  place  in  that  interval  to  be  under 
constant  average  pressure.  If  1st  and  A  2^ represent  the  time  taken 
by  hydrogen  and  by  air,  d  and  B  being  their  respective  densities, 
we  get,  according  to  the  law:      .  ....... 


Thus,  in  making  up  the  sum  of  tho3c  elementary  quantities  of 
time,  t  and  rremahi  connected  by  the  same  law  of  proportionality. 


t  = 


From  which  wc  shall  deduce  d  density  of  the  hydro;;ou. 
.  As  A  matter  of  fact,  D,  the  density  of  .the  lur,  is  c.qual;;to  1.    If  it 
is  squared,  the  result  will  be:   -•    ^  "       .  '  '  oTOk-jydJ  si 


The  specific  gravity  of  the  ^as  at  C°  and  at  760  is  therefore  expressed 


as  follows: 
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and  the  lifting  power  in  ratio  to  the  dry  air,  as  previously  specified, 
is  equal  to:  i^i^'^.u  .ox^ 

'^^^■>  y     1.293  -ho  ■■'  ■'i  '^'^  ^r 
It  is  thus  stated     '  >■  |3 

Such  is  the  formula  for  the  use  of  the  Schilling  device.  In  order 
to  simplify  calculations,  it  is  convenient  to  have  a  table  in^which 

the  lifting  power  is  given  in  terms  of  ^.    The  operations^are  thus 

reduced  to  1  division.  By  means  of  a  table  of  double  entry,  or 
more  simply  by  an  abacus,  any  operation  is  done  away  with;  by 
simply  reading  it,  the  lifting  power  may  be  found  in  terms  of  t  and  T. 

Note.— J9  has  been  taken  to  equal  1.  But  the  air  which  passes 
through  the  apparatus,  and  which  is  atmospheric  air,  always  con- 
tains a  small  quantity  of  steam.  Such  as  it  is,  it  is  lighter  than  dry 
air  under  the  same  conditions  of  temperature  and  pressure.  D  is 
thus  a  little  smaller  than  1. 

^2   _  _  _  ■  r^2      .  . 

Thus  d  =  B  i^^i?,  smaller,  in  reality,  than  the  figure  adopted  'j^-  ' 
Thus  •  '     '     .'.       -:      '  "*  '  :    .      ■  . 

"  ^0  <  1-293 j+ai  Usfii   ait  ooaia  ^nbkd 

The  lifting  power  is  therefore  greater  than  the  given  quantity. 
Let  us  examine  the  extent  of  the  error  com^mitted.  We  have  previ- 
ously seen  that  10  grammes  is  the  maximum  difference  of  specific 
gravity  resulting  from  water  vapor  in  the  air.  The  smallest  value 
or  D  is  therefore  '  ■ 

1.293         1.293.,,.,  ••■  .  ■..^v,^--.. 

The  difference  which  results  between  the  true  density  and  the 

quantity  adopted  is  .  ,   

10  '  ';\  ■     ,  , 

1.293  T^'  .^'.r.r.V 

For  specific  gravity  or  for  lifting  power,  this]_maximum  difference 
is  therefore 

1  293  X   

or 

10  2^2'  :  ,    :     ;i;  >q 

that  is,  1  gramme,  since      is  very  near  1/10. 
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<T'  The  maximum  systematic  error  realized  by  taking  the  density 
of  atmospheric  air  equal  to  1  is  to  the  extent  of  1  gramme.  Under 
average  conditions,  it  varies  from  3  to  6  decigrammes.  As  the 
measui-e  does  not  include  that  precise  amount  there  is  no  need  of 
correction  for  that  reason.  As  for  the  water  vapor  contained  in 
the  gas,  it  must  be  recollected  that  it  is  an  impurity  like  all  others. 

Precision  of  the  measurement. — The  result  is  expressed  within  1 
gramme.  It  would  be  an  illusion  to  give  a  resiilt  with  a  precision 
which  does  not  exist  in  the  measurement.  The  operation  must  there- 
fore be  conducted  with  such  precautions  that  the  error  in  the  lifting 
power  is  not  more  than  1  gramme.    We  have  seen  that  this  error 

is  complete  in  the  term  &o  =  1-293  X  j?^-      '    •  :- J-         ■  - 

The  extent  of  being  1/10,  the  extent  of  &o  is  130  grammes. 
An  error  of  1  gramme  would  constitute  a  relative  error  of  about 
1/100.  The  relative  error  in  ^  being  equal  to  twice  the  relative 
error  in  t  and  more  than  twice  the  relative  error  in  T,  it  is  thus 


necessary  that: 


At,    aT^  1 


or 


iU 


+  .  *n  -Vf'-f    'il.if^-r'^f.  ;-(i.Vi  t  T  200  ■      '     '  ^  •        -  ^ ''■  ' '  ' 

In  the  device  used  in  the  Fleurus,  the  duration  of  the  flow  of 
hydrogen  is  50  seconds.  It  is  measm-ed  by  means  of  a  second  meter 
which  gives  1/5  of  seconds.  If  it  be  granted  that  a  mistake  may  be 
made  in  less  than  1/5  of  a  second,  the  relative  error  in  t  is  there- 
fore <  1/250. 

T  is  the  amount  of  150  seconds.  An  absolute  error  of  1/5  of  a 
second  corresponds  to  a  relative  error  of  1/750. 

But  1/250  +  1/750  =  4/750,  which  is  a  little  larger  than  1/200.  The 
exactitude  thus  obtaiiied  is  therefore  scarcely  sufficient.  i. 

It  is,  consequently,  absolutely  necessary  that  an  error  greater 
than  1/5  of  a  second  should  not  be  made  m  the  measurements  of 
time.  The  operation  should  thus  be  carried  out  with  care.  It  is 
essential  that  the  foUowiag  precautions  be  taken  into  account:  For 
each  time,  several  readings  should  be  made,  and  they  should  coin- 
cide as  far  as  possible.  If  they  do  not  coincide,  the  average  should 
be  taken,  and  it  should  not  deviate  by  more  than  1/5  of  a  second 
from  the  highest  numbers  stated.  Ebullitions,  which  might  leave 
gaseous  bubbles  adhering  to  the  walls  of  the  test-tube,  should  be 
avoided.    The  gauge  should  be  cleansed  many  times  when  it  is  filled 
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with  hydrogen  after  havmg  contained  air,  or  the  reverse.  Ten 
cleanings  are  only  just  sufficient  in  the  former  case.  To  avoid,  on 
the  other  hand,  air  infiltration  during  the  intake  of  hydrogen,  by  the 
joints,  couplings,  manometric  pipes,  etc.,  lifting  power  should  only  be 
taken  if  the  excess  of  pressure  in  the  interior  of  the  dirigible  (or  of 
the  auxiliary  tank)  be  at  least  equal  to  15  millimeters  of  water.  Such 
•excess  of  pressure  has  no  effect  on  the  measurement,  since  the  pressure 
■  of  the  flow^  of  gas  through  the  capillary  opening  depends  only  on  the 
distance  between  the  two  marks. 

Fmally,  for  a  series  of  measurements,  such  as  those  of  which  the 
result  is  daily  inscribed  on  the  upkeep  records,  they  must  be  taken 
by  the  same  operator,  each  one  having  his  own  manner  of  making 
the  release  or  the  stoppage  of  the  chronometer  tally  with  the 
passage  of  the  liquid  meniscus  before  the  two  marks  on  the  gauge. 

Fesults. — A  quantity  is  thus  found  which  dimmishes  in  proportion 
to  the  duration  of  the  inflation  of  a  balloon;  it  decreases  so  much 
more  slowly  when  the  envelope  of  the  balloon  is  more  impermeable 
and  when  the  upkeep  of  the  balloon  is  carried  out  under  the  best 
conditions.  This  variation,  it  may  well  be  understood,  has  no 
relation  whatever  to  the  variation  caused  by  changes  of  temperature 
or  pressure.  :-  ^^.p'-  •;  i.-  '--^^ 

Example. — The  lifting  power  of  the  gas  of  La  Flandre,  at  the  time 
of  inflation,  was  as  1.169 ;  after  2  months,  1.149;  after  4  months,  1.137. 

In  consequence,  the  replacement  of  a  considerable  part  of  the 
balloon  gas  by  fresh  gas  produced  the  result  of  raismg  the  lifting 
pOM^er.  La  Champagne,  for  instance,  having  made  a  v/ar  ascent 
February  23,  1917,  in  the  course  of  v/hich  6,000  cubic  meters  of  gas  . 
had  to  be  exhausted  in  order  to  climb  about  4,200  meters,  the  rein- 
flation  of  the  balloon  on  the  following  day  raised  its  lifting  power 
from  1.166  to  1.174.  A  balloon  like  the  Fleurus,  which  often  goes 
up,  and  the  envelope  of  which  is  of  good  quality,  does  not  lov/er  its 
lifting  power.  In  September,  1916,  it  was  1.153;  in  March,  1917, 
it  was  1.155. 

The  lifting  power  is  generally  found  to  be  lower  in  summer.  Among 
the  causes  of  this  lowering,  there  is  the  increase  in  the  quantity  of 
water  vapor  contained  in  the  inflating  gas.  We  shall  see  the  quanti- 
tative efl:ect  of  the  moisture  contained  in  the  gas  with  a  tension  of  / 
steam. 

The  specific  gravity  of  the  inflating  gas  is  denoted  by  h.  .''O'lr!  rVuio 
Let  the  specific  gravity  of  the  same  gas,  supposed  to  be  dry,  be 

denoted  by  1)  (right),  and  brought  under  the  same  conditions  of 

temperature  and  pressure. 

We  shaU  apply  the  law  of  the  mixture  of  gases  as  for  a  weight  of 

moist  air.  '  .K^.-;'.        ;  I.      .JJ0DiOY«  • 
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rf.  =  the  sum  of  the  gravities  of  dry  gas  and  moisture  contained  in  a. 
cuhic  meter: v,,;;-;,.,       v,,,  .  ,u-;,..     .    .  -  -.-^  , ■  ■  „ 

=  ^o^>^rT^H- 1.293  X  5/8 

h    '  ■  ■ 

Tiie  first  term  may  be  supposed  equal  to  h  (right).  The  second  term 
shows  the  increase  of  specific  gravity  due  to  the  presence  of  moisture. 
In  order  to  estimate  its  average  numerical  importance,  we  shall  take 
&o  to  equal  about  125,  taking  no  account  of  the  difference  between 

the  factor  3— — -  The  corrective  term  is  thus  equal  to:     ,  ,  --,-]  ■■ 
1  +  a  I  '  ", 

The  specific  gravity  of  the  inflating  gas  is  thus  increased  by  about 
.8  gr.  per  millimeter  of  tension  of  the  water  vapor  contained.  But 
the  balloon  in  the  hangar,  connected  with  the  auxiliary  tank  and 
with  the  pipes  leading  from  the  factor}^,  v/hich  contain  water,  forms 
a  gaseous  receiver  in  the  presence  of  liquid  water;  its  gas  is  therefore 
saturated  v/itli  moisture.  The  tension  of  saturation  realized  in  the 
receiver  is  moreover  defined  by  the  lowest  temperature  of  the  receiver 
(principle  of  the  cold  wall).  If,  in  consequence,  a  considerable 
length  of  the  connecting  pipe  is  underground,  its  low  temperature  in 
summer  will  cause  a  lower  tension  of  water  vapor  in  the  balloon  than 
the  saturation  tension  corresponding  to  the  temperatiu'e  of  the  atmos- 
phere or  of  the  hangar.  If,  on  the  contrary,  the  connecting  pipe 
issumg  from  the  factory  is  short,  if  the  gas  is  injected  direct  from  the 
works  uito  the  balloon,  and  the  water  used  to  cool  it  vv^as  not  of 
sufficiently  low  temperature,  there  will  be  a  considerable  quantity 
of  water  vapor  contained  in  it.  Under  these  conditions,  the  lifting 
power  is  lowered  by  20  grtimmes  or  thereabouts.  r,  .:,-  ,,i 

Lifting  povjer  of  gases  otlher  tJian  hydrogen. — We  shall  now  make 
a  note  of  the  average  values  of  the  lifting  forces  of  the  tvv'o  other 
gases  which  have  been  used  hi  ballooning. 

Illuminating  gas  is  still  sometimes  used  in  inflating  balloons.  We 
have  seen  that  its  specific  gravity  is  about  520  grammes  per  cubic 
meter.  Its  lifting  power  v.^ould  thus  be  about  770  grammes.  Taking 
into  account  the  air  mixed  with  the  gas  at  the  time  of  inflation,  a 
lifting  power  far  beyond  700  grammes  should  never  be  reckoned 
upon.  It  is  only  under  special  circumstances,  as,  for  example, 
when  a  company  could  be  induced  to  drive  the  gas  produced  in  the 
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last  stage  of  distillation  of  the  coal  directly  into  the  balloon;  such 
gas  being  appreciably  richer  in  H,  a  higher  liftmg  power  might  be 
advantageously  obtaiiaed,  which  might  even  exceed  900  grammes. 

There  is  no  longer  any  question  of  hiflating  balloons  v/ith  hot  air. 
It  might,  however,  be  of  interest  to  kno^,/  the  value  of  that  inflating 
gas,  if  only  for  the  purpose  of  becoming  better  acquainted  with 
the  means  by  which  the  first  balloonists  accomplished  their  renowned 
exploits  and  opened  up  a  perspective  of  further  realizations.  In 
reality,  the  hot  air  with  which  a  Montgolfier  is  filled  is  not  air  alone; 
it  contains  a  large  proportion  of  the  products  of  the  combustion  of 
:  straw  or  other  substance  which  was  burned  in  its  appendix.  Among 
vthese  products,  carbonic  gas  and  steam  head  the  list.  The  former 
Toeing  heavier  than  air,  the  latter  lighter,  and  consequenth'  the  more 
advantageous.  Its  production  may  be  increased,  for  instance,  by 
burning  damp  straw,  the  water  of  vv^hich  vaporizes  and  is  added  to 
the  combustion  gases  and  to  the  column  of  hot  air  engendered  by 
them.  Let  it  be  granted  that  the  inflation  gas  thus  obtamed  has 
an  average  density  nearly  approaching  that  of  the  air.  Its  weight 
per  cubic  meter  will  therefore  be  about  1.290  X  1/1  +a^;  t  being  the 
temperature  m  the  interior  of  the  balloon,  t  never  exceeds  100 
degrees,  and  a  higher  temperature  is  moreover  highly  detrimental 
to  the  impermeability  and  preservation  of  the  fabrics.  We  shall 
therefore  adopt  that  figure. 

On  the  other  hand,  let  15°  be  an  average  quantity  for  the  atmos- 
pheric temperature.  The  lifting  power  of  the  cubic  meter  of  gas 
is  thus,  no  account  being  taken  of  the  difference  between  the  normal 
pressui'e  and  the  pressure  at  the  time:       .  , 

'  i"  ji 

^n.  -^,  -      1-290X1  _   1.290X1   ,.  „J   ..j,  -i,, 


.  .  .  ..     •  '273    ■  ^^^^ 

When  all  these  operations  have  been  made,  about  260  grammes 
are  obtained. 

In  practice,  only  200  grammes  per  cubic  meter  of  gas  can  be  cal- 
culated upon.  The  dim^ensions  of  the  first  Montgolfiers  were  there- 
fore considerable  in  comparison  to  the  free  balloons  of  the  present 
day.  The  first  balloon  to  rise  in  a  free  climb,  November  21,  1783, 
mounted  by  the  Marquis  d'Arlandes  and  Pilatre  de  Rozier,  meas- 
ured 20  meters  in  diameter  and  16  meters  in  height.  The  volume 
should,  therefore,  have  been  about  8,000  cubic  meters.  Two  months 
after,  the  fourth  free  climb  took  place  at  Lyons;  the  balloon  Le 
FJesselles,  v/hich  made  the  climb  and  had  Montgolfier  himself  on  board 
with  six  other  passengers,  measured  42  meters  high  and  35  meters  in 
diameter.    Its  volume  exceeded  50,000  cubic  meters. 


THEORETICAL  COTJIISBS  ON"  AEEONAUTICS. 


25 


not-^ioonr-r  ..-TSE  WSIGHIMG-  OF  A  BAILOOF.  •■ '  r-J-M-v 

A  knowledge  of  the  lifting  power  of  the  gas  enables  us  to  determine 
the  utilizabie  value  of  the  balloon  or  the  load  that  it  might  raise.  It 
suffices  to  write  the  equation  of  equilibrium  of  the  balloon. 

We  shall  define  the  forcco  acting  upon  it:  The  weight  from  top 
to  bottom,  the  gaseous  mass  and  the  solid  parts.  If  V  be  the  volume 
of  the  gaseous  mass,  its  weight  is  expressed  as  Vh.  Let  P  represent 
the  total  weight  of  the  solid  parts,  in  the  sense  generally  given  to 
the  weight  of  a  solid  bodj^,  that  is,  in-espective  of  its  weight  in  the  air. 

The  thrust  of  Archimedes  on  the  volume  of  the  gaseous  mass  is 
therefore  Va;  the  thrust  of  Archim;edes-  on  the  solid  parts  are  sub- 
tracted in  P.  '. ' ■. 

The  equation  of  equilibrium  is.  written  thusfriu .'a  10  'io.Ko.TDi, .'it;  [  'to 

We  have  just  stated  that  P  may  be  calculated  when  the  lifting 
power  is  known. 

The  operation  of  weighing  consists,  on  the  other  hand,  in  deter- 
mining experimentally  the  load  raised.  The  result  obtained  should 
therefore  agree  with  the  number  obtained  in  consequence  of  the  de- 
termination of  the  lifting  power.  The  two  operations  may  be  util- 
ized in  controlling  one  another. 

It  can  be  proved  by  the  first  part  of  equation  (1)  that  the  lifting 
power  varies  according  to  the  lav/  of  Mariotte-Gay-Lussac,  and  in 
tbe  second  part  that  the  total  sohd  weight  P  consists  of  an  invariable 
part  TT  which  includes  the  weight  of  the  envelope,  of  the  suspension, 
the  basket,  the  instruments  and  tackle,  tools  and  spares,  engines  in 
working  order  and  of  a  remamder  U  which  includes  the  passengers, 
the  offensive  and  defensive  loading,  the  sand  or  water  ballast,  reserve 
water  for  the  radiators,  fuel  and  lubricating  substances. 

Z7is  called  the  useful  load  or  weight. 
■^^The  equation  becomes:  /ri';:;rtt^ivi;gf;.io;ift  -^TorKr/yii;;.: 


The  relative  importance  of  the  three  terms,  for  the  Fleurus,  for 
instance,  by  adopting  F=  6.500  and  (pQ=l.lbQ,  is  shown  by  the 
following  quantities:  The  first  part  is  7.500  kilos;  the  solid  invariable 
weight  is  about  5,000  kilos;  the  useful  load  is  therefore  2.500  kilos. 

It  is  thus  seen  how  much  the  variations  of  temperature  and  pressure 
affect  this  useful  load,  since  it  alone  is  actually  subjected  to  the 
variations  caused  in  the  first  part  by  variations  of  t  and  ]).  These 
120155—20  i 
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variations  are  here  about  thi-ee  times  as  great  as  the  proportion  of 
Mariotte-Gay-Lussac,  apphed  directly  to  the  number  TJ,  would  appear 
to  indicate.  >•  '  r. 

It  is  consequently  important,  as  for  lifting  power  and  even  more 
so,  to  reduce  the  quantity  obtained  for  the  useful  load  to  determined 
conditions  of  temperature  and  pressure.  We  might  adopt,  for 
instance,  15.760.  ,  : 

In  maldng  the  approximations  taken  up  to  the  present  to  show 
Tip  in  succession  the  ])art  which  amounts,  in  the  variations  of  XJ,  to 
each  of  the  factors  p  and  t,  it  is  seen  that  an  increase  of  1°  of  temper- 

Vw  . 

ature  produces  a  diminution  0^^273  ™^  ^'  same  v/ay,  an  increase 

of  1  milluneter  of  mercury  produces  an  increase  of  D  equal  to 

In  the  case  of  the  Fleurus,  the  quantities  utilized  in  making  cor- 
rections are  28  kilograms  per  degree  of  temperature  and  10  kilo- 
grams  per  millimeter  of  pressure,  the  direction  of 
-~-  these  corrections  resulting  from  what  precedes. 

'I        Note. — The  interior  pressure  likewise  enters 
'  :     h    into  consideration  in  modifying  the  weight.  In 
... ,  /  I  fact,  the  volume  of  a  flexible  balloon  is  not  strictly 

'  .     '  '  J  j  j   constant.    The  effect  of  the  increase  of  interior 
' ' '  '  '  ■ '  //    pressure  is  to  diminish  the  ovalization  of  its  section. 
'V^  P       The  latter,  in  consequence,  increases  its  surface 

\  ~-  as  it  becomes  circular  in  shape.    The  total  volume 

of  the  balloon  thus  increases.  By  way  of  example, 
the  variations  of  volume  experienced  by  the 
Flnirus  for  successive  increased  pressures  of  1  millimeter  of  water 
are  herewith  shown,  q  denotes  the  interior  increasing  excessive  pres- 
sure read  by  the  manometer  of  the  basket;  AV  are  the  variations  of 
corresponding  volume.  These  variations  of  volume  are  sufficientlj'- 
imi:)ortant  to  be  taken  into  account.  In  fact,  the  increase  of  useful 
load  due  to  excessive  interior  pressure,  wliich  varies  from  10  to  20 
millimeters  in  the  case  of  the  Fleurus,  exceeds  30  kilos. 

Finally,  the  nominal  weight  is  reduced  to  760  millimeters  and  15 
millimeters  of  excessive  interior  pressure.  It  is  deduced  from  weight 
determined  under  conditions  t,  p,  and  q  by  the  following  statement: 

J7(.760,  l5mm)=U{i,  p,  g)+^,^^^t  +  ^^{7m-p)+AV 

V  being  the  volume  of  the  carene  under  the  pressure  of  15  milli- 
meters and  F  being  the  increase  of  volume  vvhen  the  excessive  interior 
pressm-e  passes  from  2  millimeters  to  15  millimeters. 
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PASCAL'S  PRINCIPLE— THE  ULTERIOR  PRESSURE  OF 

BALLOOSTS. 


Pressitre  at  one  point  of  a  fluid. — Let  us  take  the  case  of  a  heavy 
fluid  in  a  state  of  equihbrium,  contained  in  a  receiver,  the  interior 
wall  of  which  is  S;  suppose  s  to  be  an  element  of  the  wall  small 
enough  to  be  considered  as  an  element  of  ;>iM  i.' iu-i;i 

the  plane.  The  element  s  is  subjected, 
on  the  part  of  the  fluid,  to  a  normal  pres- 
sure directed  from  the  interior  to  the  ex- 
terior of  the  fluid.  This  pressure  may  be 
made  evident  and  may  even  be  measured 
if  the  element  of  the  wall  5  is  movable  like 
the  piston  of  a  cylinder.  It  is  found  to  be 
independent  of  the  orientation  given  to  s 
round  the  same  average  point.  0  ;  j  jft'/r 

Take  the  case  of  an  element  of  sur- 
face s'  in  the  interior  of  the  fluid.  It  is 
subjected  to  normal  pressure  on  its  two 
surfaces;  as  a  matter  of  fact,  s'  may  be 
supposed  to  form  part  of  a  surface  S,  the 
existence  of  which  would  bring  about  no 
change  in  the  equilibrium  of  the  gaseous 
mass,  and  which  would  limit  on  either  side  two  masses  of  fluid;  each 
of  these  would  exert  normal  pressure  on  s'  from  the  interior  toward 
the  exterior. 

Such  pressm-es,  exerted  on  each  surface  of  s' ,  may  be  expected  to 
be  equal  since  the  orientation  of  the  element  of  the  wall  does  not 
reduce  the  force;  this  is  shown  by  experiment,  the  element  s' 
actually  remaining  in  equilibrium.  The  value  of  the  force  brought 
to  bear  on  the  miit  of  surface,  independent  of  the  orientation  of  the 
element  round  an  average  point  M  is  called  the  "pressure  of  the 
fluid  at  that  point."    It  is  therefore  the  quotient  of  the  force  F  and 


the  element  of  surface  on  wliich  it  is  exerted  P  ■ 
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Laws  of  the  statics  ofheavy  fluids. — First  law :  The  pressure  is  the 
same  at  all  the  points  of  a  horizontal  plane.  Second  law:  The  dif- 
ference between  the  pressures  at  two  points  A  and  i?  of  a  certain 
fluid  mass  is  equal  to  the  weight  of  a  fluid  column  having  the  unit 
of  surface  as  a  base,  and  the  vertical  distance  between  the  two  hori- 
zontal planes  passing  through  A  and  B  as  their  height.  If  it  be 
granted  that  the  speciflc  gravity  of  the  fluid  be  considered  as  constant 
between  A  and  B  and  equal  to  a,  the  result  v.'ould  be:      -  ,1;  if  -  i^nv 


P,-P,  =  ]ia. 


If  this  hypothesis  can  not  be  granted,  the  weight  of  the  fluid 
column  may  still  be  put  into  the  fovm  ir  =-'ha.    This  v7ould  give: 

and  a  "will  be  the  average  specific  gravity  of  the  fluid. 

This  fimdamental  theorem  of  the  statics  of  fluids  is  called  the 
principle  of  Pascal. 

Sometimes,  however,  this  name  has  been  reserved  for  a  corollary 
of  the  theorem,  resultant  of  its  application  to  the  particular  case  of 

noncompressible  fluids,    as  is  practi- 
cally  the  case  for  liquids;  their  specific 
I  gravity  is  therefore  independent  of  vari- 
I   ations  of  pressm^e.     Suppose  in  such 
/    a  case  that  the  pressure  is  increased, 
/     say  at  level  1,  by  working  at  a  piston 
placed  on  a  wall;  the  difference  be- 
tween pi  and  P2  maintains  the  same 
value,  a  not  having  varied,  ■^^s 
thus  undergone  the  same  increase  as 
p^;   and  it  is  the  same  with  the 
pressm-e  at  all  points  of  the  fluid.  It 
is  said  that  liquids  transmit  pressures  (principle  of  Pascal,  accord- 
ing to  some  authors).  r.-j-y  -v;,.;       to  tuimiiimp'y  oas- ifi  o-'imdiB 
This  transmission  of  pressures  is  not  the  case  with  gases. 

,    '  INTERIOPv  PBESSUBB.  .  ' 

Application  of  the  fundamental  theorem. — ^Let  us  take  the  case  of  a 
spherical  balloon  equipped  with  an  appendix  sleeve  open  in  its  lower 
part  and  filled  with  light  gas  down  to  the  bottom  of  the  appendix 
sleeve. 

The  balloon  is  immersed  in  air  in  a  state  of  equilibrium,  and  it 
remains  in  equilibrium  so  long  as  the  temperature  and  exterior  pres- 
sure do  not  vary.  At  the  mouth  of  the  appendix  sleeve  the  two 
fluids  are  in  contact  and  superposed  in  the  order  of  their  density; 
this  section  fulfills  the  same  fxmction  as  the  free  surface  of  a  fluid 
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heavier  than  air,  such  as  a  liquid.  Two  points  of  the  section,  closely 
adjacent,  one  in  the  air,  the  other  in  the  inflating  gas,  are  at  the 
same  pressure;  this  section  is  said  to  constitute  a  plane  of  equal 
pressure  for  the  two  fluids. 
Suppose  Pi  to  be  this  common  pressure.  iSi'^s  oi-  .vkj  f)).!;-  e-torl;* 
In  a  plane  situated  at  a  height  Ji  above  the  former,  "we  shall  con- 
sider a  point  situated  in  the  interior  of  the  balloon  and  another  'on 
its  exterior,  such  as  two  points  on  either  side  of  the  envelope,  J/ and 


i 


I  i 


1 


iV.  Let  P2  be  the  pressure  on  the  exterior  at  iV,  and  p'2  the  pressure 
in  the  interior,  at  M. 

We  shall  apply  the  principle  of  Pascal  twice,  by  rising  with  each 
gas. 

In  the  air  .J-h-.i^  - 


p^  —  P2  =  Ji.a  (a  being  the  average  specific  gravity  of  the  air). 
_  In  the  case  of  the  inflating  gas: 


^      Pi~P2-^^  V>  being  the  average  specifie 'gravity  o¥  th'e  g'as.)  '^I 
By  eliminating  one  factor  in  each  equation  it  follows  that-^  j^i' 

the  lifting  power  of  the  gas  being  denoted,  ^s  before,  by  (p.  ' '   '  ' " 

The  pressure  in  the  interior  of  the  balloon  is  therefore  greater  than 
tbe  "pressure  on  its  exterior.  To  'such  dilTerence  the  name  of  "  ap- 
parent pressure"  or  "abnormal  pressure"  is  given;  or  Sometimes  it 
is  called  interior  pressure. 

It  is  always  estimated  in  kilograms  per  square  meter  or — which 
comes  to  the  same  thing — in  millimeters  of  water. 
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The  interior  pressure  is  thus  so  much  greater  when  the  point  taken 
is  raised  so  much  higher  than  the  plane  of  equal  pressure,  and  in  pro- 
portion to  the  lightness  of  the  balloon  gas.  In  the  case  of  a  given 
gas,  the  mass  of  which  is  continuous,  the  vertical  distance  alone, 
above  the  plane  of  equal  pressure,  is  taken  into  account  and  not  the 
form  of  the  receiver  containing  the  gas.  A  balloon  with  a  straight 
and  very  long  sleeve  would  admit  of  an  experiment  similar  to  that  of 
Pascal's  tub,  with  respect  to  liquids;  if  a  balloon  of  that  kind  were 
filled  to  the  bottom  of  the  sleeve,  which  will  be  filled  Vvith  a  very 
slight  quantity  of  gas,  a  high  abnormal  pressure  proportional  to 
height  H  will  be  reahzed  in  the  balloon,  which  it  would  be  capable 
of  bursting.         ^      ,   •  ...  _  .:,,^5^ri?(L  J^-^ 

Example  of  the  normal  halloon. — The  diameter  of  the  balloon  is 
10  meters  and  its  appendix  .sleeve  (free  climb)  is  2  meters  long. 
At  the  valve,  located  at  the  upper  pole  of  the  balloon,  the  excessive 


pressure  is  thus  equal  to  12  X ,  that  is,  about  13  millimeters  of  water 
for  a  balloon  inflated  with  hydrogen;  this  would  be  shown  by  a 
manometer  placed  at  that  point. 

If  the  manometer  is  coupled  at  that  point,  however,  or  if  it  is 
placed  on  a  lower  level,  it  must  be  noticed  that  the  tubular  con- 
nected with  the  manometer  forms  part  of  the  receiver  of  the  gas 
and  that  the  shape  of  the  receiver  is  of  no  importance.  The  man- 
ometer will  indicate  the  excessive  pressure  existing  in  the  plane 
where  it  is  situated  itself  and  which  corresponds  to  the  height  A  M 
above  the  plane  of  equal  pressure.    -  .    .  ■  ?  ; 

If  the  length  of  the  pipe  is  sufficient  and  the  manometer  is  lowered 
to  M'  below  the  sleeve  of  the  appendix  without  disconnecting  it, 
that  is,  by  maintaining  the  continuity  of  the  gaseous  mass  in  the 
interior,  the  application  of  Pascal's  principle  shows  at  the  level  M' 
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a  pressure  in  the  gas  lower  than  that  of  the  air.  In  fact,  the  man- 
ometer indicates  a  depression.  If  the  manometer  be  disconnected, 
the  level  of  gas  in  the  pipe  takes  up  the  same  plane  in  the  sleeve  of 
the  appendix  as  in  the  communicating  vases.  The  end  A'  M'  of 
the  pipe  is  filled  with  air  at  the  exterior  pressure;  the  manometer, 
newly  connected,  shows  no  indication. 

A  liquid  transmission  might  be  imagined,  on  the  contrary,  by 
means  of  which  the  pressure  existing  at  the  point  at  which  the 
piping  reaches  the  balloon  might  bo  read  in  the  nacelle. 

Slaclc  balloon. — When  the  exterior  pressure  begins  to  increase,  for 
instance,  when  a  balloon  descends  to  an  altitude  lower  than  that 
already  attained  or  if  the  temperature  has  just  fallen,  the^  sleeve 
of  the  appendix  is  found  to  flatten  and  close,  while  the  fabric  makes 
folds  and  has  a  tendency  to  rise  in  the  lower  part,  whereas  it  remains 
taut  in  the  upper  part  of  the  balloon.  From  this  it  may  bo  con- 
cluded that  the  pressure  in  the  interior  of  the  balloon  remains  greater 
in  the  upper  part  than  the  exterior 
pressure  and  that  it  becomes  less 
in  the  lower  part.  There  is  thus 
in  some  part  a  plane  tt  of  equal 
pressure,     d   oiiT  -  I 

At  each  point  the  apparent  pres- 
sure is  equal  to  h(p,  Ji  being  the 
vertical  distance  from  the  point  of 
plane  tt,  counted  with  its  sign  posi- 
tively toward  the  top,  negatively 
toward  the  bottom. 

If  the  fabric  were  not  heavy  or 
had  no  stiffness  of  its  own,  the 

balloon  would  have  the  shape  of  a rtoqwei'si-t)  oik!  (•-/;•,  .-.  vi\nr.v,<irt 
truncated  sphere,  as  shown  by  the  dotted  lines,  instead  of  being  of 
an  undulating  pear  shape  as  fully  outlmed.  The  excessive  exterior 
pressure  would  bring  the  envelope  agamst  the  plane  representing 
the  free  surface  of  the  gas,  which  would  thus  be  the  plane  of 
equal  pressure.  This  plane  would  bo  below  plane  tt,  and  the 
pressure  on  the  upper  part  of  the  balloon  would  therefore  be 
greater. 

In  keeping  a  spherical  balloon  in  the  hangar,  it  should  be  placed 
in  the  position  shown  in  the  preceding  dotted  outline  by  attaching 
the  ballast  bags  which  keep  the  balloon  on  the  canvas  of  the  hangar, 
at  suitable  points. 

The  slack  part  of  the  envelope,  by  means  of  which  the  excess 
of  exterior  pressure  would  create  important  air  infiltration,  is  thus 
done  away  with;  at  the  same  time  the  pressure  in  the  upper  part  of 
the  balloon  is  increased.  Such  increase  is,  moreover,  the  more  con- 
siderable in  proportion  to  the  weight  of  the  ballast  bags. 
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-..i:j.'f£  f>ili  v^-^VrMj    THE  CASE  OF  DIEIGIBIES,  .       •  ficjte^ 

Interior  pressure  in  dirigibles. — ^In  a  flexible  dirigible,  tbe  interior 
abnormal  pressure  should  be  maintained  in  order  to  obtain  that 
permanence  of  shape  necessary  in  navigation  at  a  higher  value 
than  the  pressures  attained  in  spherical  balloons,  captive  or  free. 
It  must  be  remarked  that  in  captive  balloons  a  pressure  greater 
than  that  of  free  balloons  is  engendered  by  the  adoption  of  a  longer 
appendix  sleeve. 

The  maneuver  and  upkeep  of  the  dirigible  balloon  would  be 
inconvenienced  by  a  sleeve  open  to  the  air;  it  would  necessarily  be 
stiff  and  w"ould  extend  well  belov/  the  nacelle.  Its  only  advantage 
would  bo  that  of  limiting  automatically  the  excessive  pressure  at 

maximum  value, 
which  would  depend 
on  the  length  selected 
for  the  sleeve;  its  in- 
conveniences are  too 
glaring  to  need  noti- 
fication. i!"f  WMoft' 'fri 
The  balloon  is 
closed ;  the  limitation 
of  the  excessive  pres- 
sure is  brought  about 
by  means  of  the  ex- 
haustion of  gas  by 
controlled  valves, 
which  are  also  capa- 
ble of  working  auto-- 
matically  above  the  corresponding  pressure  at  a  chosen  calibration. 

The  plane  of  equal  pressure  pushed  below  the  nacelle  is  thus 
fictitious.  It  is  that  in  which  the  open  sleeve  ends.  The  manometer 
situated  at  Min  the  nacelle  thus  indicates  the  pressure  hgcp,  \  being  the 
iieight  of  the  manometer  above  plane  t. 

In  the  upper  part  of  the  balloon  the  pressure  is  \<^.  'W.W... 
If  2  is  therefore  the  pressure  read  by  the  manometer  of  the  nacelle 
the  pressure  in  the  upper  part  is  equal  to  -  . 


!},p.;iOO,i..!n.,i  Oil. I  .1.1 


.ijO  i  .-i>jq 


"T- 


jH"  being  the  height  of  the  balloon. 

Let  it  be  remarked  that  0  nearly  1.150  kilogrammes  is  not  very 
different  from  1.  It  may  thus  be  said  on  the  v/hole  that  the  pressme 
at  any  point  whatever  of  the  balloon  is  equal  to  the  pressure  read  in 
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the  nacelle,  increased  by  as  many  millimeters  of  water  as  the  point 
measures  in  meters  of  height  above  the  nacelle. "■  .'•:r.r.:-nu 
■  The  pressure  of  navigation  read  on  the  manometer  of  the  nacelle 
varies  according  to  the  types  of  French  balloons  from  about  15  to  40; 
this  therefore  gives  maximum  pressure  of  30  to  60  at  the  upper  point 
of  the  balloon,  and  pressures  of  about  20  to  45  millimeters  in  the  lov^er 

part  of  it.  ^!:  rj>;q y,    iJ  vOOr'UJi    ski    yiVVSlvii:^  JiilMJXi, 

Pressure  in  the  hallonets.— Flexible  dirigibles  are  obligatorily 
equipped  mth  one  or  several  ballonets,  mto  which  air  may  be  driven 
to  keep  up  the  interior  excess  of  pressure. 

Let  us  take  the  case  of  a  ballonet  of  this  kind,  iuclosing  a  certain 
quantity  of  air.  Let  a'  be  the  average  specific  gravity  of  that  air, 
slightly  compressed,  a  being 
the  specific  gravity  of  the  ex- 
terior air  a'  >  a.  ' 

When  the  mass  of  air  in 
the  ballonet  is  raised  by  1 
meter,  the  pressure  diminishes 
by  a' ;  when  there  is  a  rise  of  1 
meter  in  the  outer  air  the  pres- 
sure diminishes  by  a. 

The  pressure  in  the  ballonet 
thus  decreases  rather  more 
quickly;  the  overpressure  in 
the  ballonet  consequently  low- 
ers from  a'  to  a  per  meter 
cleared  upwards. 

If  the  overpressure  is  of  the 
average  value  of  40  milhmeters  of  water,  for  instance,  the  applica- 
tion of  the  law  of  Mariotte  gives  a  low  value  of  about  5  grammes 
for  a'  — a. 

In  order  that  the  overpressure  may  be  lowered  only  by  one-half  milli- 
meter of  water  or  500  grammes  per  square  meter,  it  would  be  necessary 
to  clear  an  interval  in  height  of  100  meters. 

As  the  height  of  the  ballonet  and  of  its  piping  would  only  come  to 
about  one-tenth  of  that  interval,  it  may  bo  granted  that  the  over- 
pressure is  the  same  in  the  whole  mass  of  air  in  the  ballonet.  The 
overpressure  read  at  the  car,  at  the  lower  end  of  the  pipmg,  is  thus 
the  same  as  at  any  point  of  the  ballonet  itself. 

In  order  to  know  what  this  overpressure  is,  let  us  consider  what 
is  the  upper  level  N  reached  by  the  air,  which  being  denser  than 
hydrogen  of  mflation,  first  fills  the  bottom  of  the  ballonet  and  then 
rises  gradually.  The  upper  level  is  a  plane  of  equal  pressure  between 
the  air  of  the  ballonet  and  the  inflation  gas.  "  •  -  .a 
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TheQrqtjcally,  the  upper  wall  NN'  of  the  ballonet  might  be  sup- 
pressed, and  the  two  ga,SQS  would  remain  in  equilibrium  md  in 
contact  on  that  plane,  superposed  in  the  order  of  their  density. 
The  mterposition  of  the  envelope  of  the  ballonet  only  increases  tho 
pressure  in  the,  ir^terior  of  the  ballonet  of  the  weight  per  square  mete^' 
of  tha,t  envelope;  that  is,  by  some  3Q0  or  400  gr.,  that  influence 
might  therefore  be  neglected  as  unimportant.  lo  ■ 

The  overpressure  in  the  upper  level  of  the  mfiss  of  air  in  the 
ballonet,  and  consequently  in  all  that  mass  of  air,  is  thus  equal  to 
the  overpressure  in  the  mas^  pf  hydrogen  at  th^  hf\iglit  NN'  of  the 
plane;  it  is  as  follows:     ,mtks.J^!^-:\b]ii.  ai'io  eBiff>  oifo:  tt>lavt,a£f 

if  2  be  the  pressure  shown  at  the  car  by  the  manometer  in  cornmunica- 
tion  with  the  hj^drogen.  As  soon  as  the  first  quantities  of  air  are 
driven  into  the  ballonet,  the  pressure  there  immediately  becomes 
higher  than  that  indicated  by  the  gas  manometer.  The  pressure 
increases  in  proportion  to  the  new  quantities  of  air  driven  in;  that  is, 
the  level  rises  in  the  ballonet.  To  a  certain  extent,  the  pressure 
read  on  the  manom^eter  may  thus  give  some  idea  of  the  total  quan- 
tity of  air  driven  in,  and  an  indication  may  be  thus  found  for  prefer- 
ring to  ventilate  in  the  front  or  in  the  ret^r  of  the  ballonet.  Other 
rules  for  maneuvering,  decided  by  other  considprationsj  ^^ive  clospr 
indications  on  the  subject.         ■-        !  '  ,       .   rV  , 

SLIGHT  DISPIiACSMEKT  ON  THE  VERTICAL— CORBESPONDING 
I  ;  VAKIATION  OF  THE  INTERIOB  PBBESUBE. 

The  dirigible  balloon  being  closed,  let  us  suppose  for  a  mpraent 
that  jts  volume  is  constant,  that  is,  that  the  balloon  ri(i£iy  be,  non- 
d^formable.  The  pressure  of  the  gas  (not  its  apparent  pressure) 
is  thus  constant  while  the  gaseous  mass  remains  the  same.  Snpppsp 
the  ballqon  to  rise  10  iriptexs,  fox  inst^^nce;  the  exterior  pressure  is 
lowered  by  \QXcii,  that  is,  10X1.25P  ldlog.  =  about  12  kilograinmes. 
The  interior  pressure  has  not  varied;  therefore  tbP  appc^rent  pres- 
sure or  interior  overpressi^re  wpu!|4  vary  in  proportion  to  the  exterior 
pressure  by  12  miUiiftcters  of  water. 

If  flexible  baljpofls  were  constant  in  volume,  the  i^teriqr  p:cessure 
would  therefore  vary  rapidly  in  the  case  pf  a  slight  disp,l^}pemei:\t-  P,^ 

the  vertical  .'ru.iU  UU:i^l<rr{- 'r,    .tr^;.,rf  Tr/,,r.  Afrrf'P  .Of' 

We  |iave  already  seep  that  this  is  not  the  case,  and  we  have  given 
t]aq  table  of  variations  of  volume  of  the  FIeur]is.  Knq-^irig  this 
table  of  varijations,  the  variation  pf  apparent  pressure  for  an  eleva- 
tion of  10  meters,  fpr  ^nstance,  might  he  anticipate,^  bj  app^oi^^" 
mate  calculation.  r  ^r'-i-  v 
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The  constant  mass  of  gas  in  the  interior  of  the  balloon  undergoes  a 
diminution  of  pressure  Ap,  tvhich  is  the  diminution  of  exterior  pres- 
sure.   Its  volume  thus  increases  by  A  v,  so  that     '^y  f^-  ■ 


Ap 


Av  =  v- 


P 


We  shall  see  that  in  the  case  of  an  elevation  of  10  meters  there  is 
about  _  ^. 

Ap 


P 


=  1/800. 


In  the  case  of  the  Fleurus,  therefore, 


6500    o  ,       /  I  ^^ 

Av=  bnn  ="8  cubic  metcis  (about). 


800 

f  By  referring  to  the  table,  we  see  that  if  the  initial  interior  pressure 
were  20  millimeters,  it  would  be  23  millimeters  for  anincrease  of  volume 
of  8  cubic  meters.    This  result  agrees  with  that  observed  in  climbing. 

AUXILIASY  SUPPLY  BALLOONS. 

(      PE-ESSTJUE  IN  THS  IHTERIOR  OF  AN  AUXILIARY  SUPPLY 
1  BALLOON. 

'  An  autonlatic  silpply  balloon  is  a  gasometer  which,  when  placed 
in  communication  with  the  balloon  in  the  hangar,  should  keep  up 
in  the  former  an  overpressure  vary- 
iiig  within  slight  limits,  and  favor- 
able to  the  upkeep  of  the  balloon. 

Let  us  suppose  tkis  gasometer  to 
be  a  cylindrical  column  immersed  in 
a  basin  filled  with  water  or,  better 
still,  with  a  solution  with  slight  ten- 
sion of  water  vapor. 

For  the  sake  of  simplicity,  let  us 
suppose  that  the  walls  of  the  cylin- 
der have  the  same  density  as  the  solution;  the  difference  between 
the  weight  of  the  walls  in  immersion  and  that  of  the  solution  they 
displace  would  be  easily  made  up.       'ut  .  .      ■  - 

The  pressure  to  be  maintained  in  the  lower  part  of  the  gasometer 
itiay  be  q,  for  instance,  and  about  20  millimeters  of  water.  The  dif- 
ference of  level  between  the  interior  and  the  exterior  of  the  gasometer 
is  therefore  unimportant. 

Let  TT  be  the  mean  plane  of  the  free  'exterior  or  interior  surface ; 
p  being  the  exterior  pressure  on  that  plane,  p'  the  interior  pressure. 

This  gives  us: 
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now      =  the  atmospheric  pressure  on  the  lid,  that  is  ^  —  lia  . 
+  the  weight  of  the  lid  per  square  meter,  that  is  w 
+  the  weight  of  the  cylindrical  wall  raised,  equally  propor- 
tionate to  the  square  meter  of  the  base.    This  Aveight  is 
naturally  proportionate  to  A;  it  may  be  written  as  liw' 
+  the  gravity  of  a  column  of  gas  of  a  height  li  :  Jib. 

>: J.  .     p' =p  —  M+w  +  ]i,w' -\-hb.  -  ■ 

Therefore 

p'—p=    —Jia  +  W  +  hw'  +  J>J)  =  p.  A/;". 

It  is  desirous  that  this  be  equal  to  q,  whatever  quantity  of  gas 
there  may  be  in  the  auxiliary,  that  is,  whatever  h  may  be,  and  espe- 
cially when7t  =  0.    Let  Ji  be  inade  to  equal  0,  w  =  g  will  remain.  The 

lid  should  therefore  have  a  mean 
weight  of  q  kilos  per  square  meter, 
i  'i>::i.    When  li  is  not  null,  there  should 
moreover  be: 


■   whatever  7t  may  be;   that  is  to 
say 


—  .   ^-^5  irf  

^  to'  being  the  quotient  of  the  weight 

of  a  height  of  1  meter  of  the  cylindrical  column  by  the  section  of  the 
base  of  the  cylinder.  '  '  " 

If  p  be  the  weight  per  square  meter  of  the  cylindrical  wall,  we 
have:   „  ,i. 

.  I  ,    2Trrp     I  ,  .  ,  2p 

This  relation  gives  p,  therefore,  for  an  auxiliary  balloon,  the 
diameter  of  which  is  chosen  according  to  the  capacity  selected. 

Note. — The  automatic  auxiliary  balloon  Juchmes  is  similar  to 
the  gasometer  already  examined.  The  essential  difference,  beyond 
the  method  of  its  tightness,  is  that  the  cylindrical  wall  of  fabric 
treated  with  india-rubber  not  being  sufficiently  heavy,  its  weight 
per  square  meter  of  base  is  brought  down  to  the  value  w'  =  ^  by 
strings  of  small  ballast  bags  which  rise  while  the  auxiliary  is  being 
fiUed. 

The  weight  of  the  lid  of  the  auxiliary  Juchmes,  per  square  meter, 
should  be  equal  to  the  required  overpressure  g. 

In  this  weight  of  the  lid  are  included,  however,  the  ballast  bags  of 
20  kilos  attached  higher  than  the  rows  of  small  bags,  and  which  never 
touch  the  ground,  and  any  extra  ballast  bags  that  may  be  attached 
to  it. 
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An  auxiliary  supply  balloon  equipped  to  maintain  an  average 
determined  pressure  at  its  base  may  thus  be  used,  if,  for  instance, 
the  hangar  is  to  occupy  a  balloon  of  notably  different  type,  to  give  a 
diflFerent  pressure  by  modification  of  the  mean  weight  of  its  lid;  that 
is,  by  adding  to  or  reducing  the  ballast  bags  of  20  kilos  a  t  the  top  of 
the  strings  or  on  the  lid  itself. 

The  friction  is  really  such,  on  account  of  the  two  returns  of  the 
pulleys,  that  the  pressure  varies  by  several  millimeters  more  or  less 
than  its  average  value. 

Generally  spealdng,  when  the  auxiliary  feeder  is  connected  with  the 
hydrogen  producer,  the  pressure  mn  j  be,  for  instance,  about  18  or  20 
millimeters;  if,  on  the  contrary,  the  feeder  empties  itself  into  the 
balloon  or  into  the  compressors,  the  pressure  is  nearly  12  or  14  milli- 
meters. ...  r  . 
'     BAROMETRIC  LEVEIIHG. 

"  The  first  application  we  made  of  the  Prmciple  of  Pascal,  formulated 
by  equation  Pi—p2  =  ^o,,  was  to  define  the  variations  of  pressure  when 
a  displacement  is  made  on  the  vertical  from  a  determined  height  to 
the  interior  of  a  balloon. 

The  same  principle  may  also  be  applied  to  determine  the  vertical 
height  or  difl'erence  of  level  corresponding  to  a  variation  of  pressure 
observed  on  the  barometer;  it  is  this  application  which  constitutes 
barometric  ievelmg. 

It  must  be  remarked  that  when  studying  the  pressures  in  balloons, 
it  was  granted  that  the  specific  gravities  of  the  air  and  the  gas  were 
constant  for  a  vertical  displacement  of  some  meters;  we  have  de- 
fined these  as  :  average  specific  gravities.  The  heights  which  are  the 
object  of  calculation  in  studying  leveling  are,  for  mstance,  altitudes 
attained  by  any  aircraft  or  by  a  sounding  balloon.  They  are  of  such 
size  that  variations  in  the  specific  gravity  "a"  must  be  taken  into 
consideration  along  the  whole  course  of  the  vertical  followed.  i-i 

We  shall  make  use,  in  estimating  a,  of  a  nmiiber  of  approximations 
successively  improved.  Tiie  closer  the  approximations,  the  more 
complex  will  be  the  results  obtained. 

i   (A)  In  the  first  series  of  hypotheses  we  shall  suppose  the  atmos- 
pheric air  to  be  deprived  of  moisture  and  that  its  temperature  is  con- 
stant and  equal  to  0°.    Under  these  conditions,  the  specific  gravity 
only  varies  in  terms  of  pressure. 
At  any  moment  therefore  '     .  - 

and  being  the  specific  gravity  and  the  pressure  on  the  starting 
plane  a,  and    at  any  other  plane  considered. 

1.  We  may  even  commence  by  overlooking  the  variation  of  specific 
gravity  with  the  pressure;  the  air  is  supposed  to  preserve/ in  the 
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whole  area  cleared,  the  same  specific  gravity  as  at  the  level  of  start- 
ing «  =       The  Principle  of  Pascal  will  therefore  be  applied  iu  the 
form  pi  —  P2  =  2^1  when  z  denotes  the  variation  of  altitude.     •  -.  ■  ,i 
ttj  is  deducted  from  the  gravity  of  normal  air  by  the  proportion 

the  pressures  being  expressed  in  kgs/in*.  Oh  carryihg  '6\ik,  th'^  dpdra- 
lions,  it  comes  to  about 

-  •   -  *i~8  00()  '  '1^^'^  /^.nbirj.oqi;  vLlR'iono.O 

br    '    ^'-/''^V  ^""^  •  -^"^^  ^-''^  '  "  -^^f 

Let  us  find  out  what  is  represented  by  this  number  8,000,  equal  to 
the  quotient  of     and  a^. 

pi  is  the  pressure  at  the  starting  plane,  that  is,  the  gravity  of  the 
whole  vertical  column  of  air  actiially  effective  in  the  atmosphere  up 
to  its  extreme  limit  above  a  base  of  1  meter  ^  contained  in  that 
plan.  Gi  is  the  gravity  of  1  cubic  meter  of  air  under  that  pressure. 
Their  quotient  consequently  gives  the  ntunber  of  cubic  meters  of  air 
of  the  same  quality,  of  the  same  specific  gravity,  the  total  gravity  of 
which  is  equivalent  to  the  whole  atmospheric  colimin.  If  these  cubic 
meters  are  supposed  to  be  piled  up,  their  number  denotes  the  height 
of  the  pile,  and  we  have  thus  the  idea  of  a  column  of  air  of  the  same 
quality;  that  is,  homogeneous,  the  weight  of  which  is  equivalent 
to  the  atmospheric  pressure.  Tiiis  imagery  gives  us  the  same  im- 
pression as  the  columns  of  water  or  of  mercury  by  wliich  we  are  iaccus- 
tomed  to  equilibrate  and  measure  the  atmospheric  pressure. 

The  height  of  such  a  colmnn  is  called  "Homogeneous  height."; a^xa 

Its  value  is  constant.  No  hypothesis  has  actually  been  made  oh 
the  position  of  the  starting  plane;  we  have,  moreover,  at  every  mo- 

ment  ^  =  so  that  if  the  air  were  to  preserve  the  same  specific  grav- 
ity a  above  any  plane  where  the  pressure  is  p,  and  a  were  the  same 
specific  gravity  as  in  that  plane,  the  height  of  the  atmosphere  Would 
be  Iknited  to  8,000  meters  above. 

Returning  to  the  application  of  the  fotmula  of  Pascal  with  the 
selected  hypotheses:  wuj>.wiu; 

8,000 

or  i  ■  ■  '        ■  ■ 

Pi  —  P2  being  the  lowerhig  of  pressure  or  depression.  The  quotient 
^^^-2?  is  the  relative  depression.  •  ■  iihv.  , 
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The  result  expressed  in  tlie  preceding  formula  is  thus  stated:      ■  riT*' 
Tne  relative  depression  is  equal  to  the  fraction  of  homogeneous 
height  cleared.  .:,  ...  .. 

It  is  often  writtpil  thus.:  ■    <-  ^ooo. :      srfW  ^'W-  ■ 

whence  ^^^^^^^^H  o^'^M.  ^  P    S.OQ^.  =        . |.  rd.      ■^.U^.n.  .'^ -ll 

2.  We  shall  alter  the  formiila  by  supposing  the  section  cleared  to 
be  filled  wit]f^  8,ir,  the  specific  gTayity  pf  which  will  jiot  be  a^,  but 

2  ■  - 

In  the  first  calculation  pf  homogenepus  height,  the  air  traversed  was 
always  fighter  than  the  air  at  starting,  chosen  to  represent  the  quality 
of  the  section.  In  this  second  hypothesis,  the  air  chosen  to  represent 
the  quality  of  t^ie  section  is  lighter  than  the  air  traversed  at  the  outset, 
the^i  heavier  thaix  that  of  the  last  strata.  To  a,  certain  extent,  there 
i§i  cpnipeiisation,  wjiich  would  even  be  strict  if  the  la.^  of  the  decrease 

  O  Z.i-  dz.  ooB.Oi 

 zzmniiiiiiiKiiiiiz.  ' 

■V..- ■-  -  :r.  ,'  .0.  ^  : 

of  pvessixres  wd  qonsequently  of  specific  gravities  were  a  law  of  pro- 
portionality.   We  shall  see  further  on  that  such  is  not  the  case. 

The  exactitude  obtained  here  is,  hpwever,  safliciently  good;  the 
use  of  the  piethod  at  an  interval  qf  2,OQ0  meters  admits  of  an  appxoxi- 
mation  greater  than  1/100.  - 

The  calculation  is  formulated  'pi—f^=za  ova,  by  the  application 
of  the  law  of  Mariotte,  and  it  is  of  the  following  value: 

1.293    Pi+Ps^p^+V^  .v;f^r,,.r[' 

10.33^";       %  16.000        .  vr..  :r.:T  Jr  hh'J 

therefore 

U  2  =  16.000^^^^  (formula  o|  Babiuet). 

3.  By  reniaining  in  the  general  hypothesis  of  a  constant  tempera- 
ture eq\ial  to  0°,  the  phenome:pon  of  the  decrease  of  pressures  is  com- 
pletely analyzed  by  considering  saccessiye  and  extremely  small  sec- 
tions. In  such  section,  as  sm^vU  as  may  be  desired,  the  specific  gravity 
a  may  be  considered  as,  constant.  Let  us  rise  froiii  the  height  z  to  the 
height  zdz.  The  pjessure  passes  frora  the  valiie  p.  to  the  value  p+  dp. 
By  reniarlving  ^hat  dp  is  negfi,tive,  the  result  is,  on  applying  the  fof- 
p^iUla  of  Pascal  to,  ^'^lat  extrepiely  ^all  sec,ti,o^i  —  dp  =  a^z.    Bul^  r 
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Therefore,  ;)a  hvr:^  ''  -  'v" — •^r'r^^^.r.-^.  ,^,^-1  jlj.,^^^,,  /rp 

..;o....o.o...nw  8,000  = 

We  thus  get  C— 8,000  Lp  =  2  where  Cis  a  constant  quality. 

Let  Cbe  determined  by  the  starting  conditions:  We  get  C=  8,000 
Lp  by  caUing  x>o  the  dominating  pressure  at  the  plane  chosen  as  the 
origin  of  the  heights. 

Therefore  {Lpa-Lp)  =  Z,  when  3  =  8,000  L(po/p). 

The  formula  indicates  that  the  law  of  decrease  of  pressures  with 
increasing  altitudes  is  a  logarithmic  law: 

Wlien  the  pressures  decrease  in  geometrical  progi"ession,  the  alti- 
tudes increase  in  arithmetical  progression.  gij-h^o 

The  numerical  calculation  of  altitudes  is  facilitated  by  the  passage 
to  vulgar  logaritlims.    It  is  easily  found  that: 

aiip8va/;«  u.  /IS.,;,  2  =  8,000X2.30259,  log.  (pjp)  ai  .noiiiyQZ  -mD  io 
'  z  is  taken  as  2=  18,400,  log.  Po/p.    (Halley's  formula.)  v^'  ifjr^'^p  biS 

The  number  18,400  instead  of  18,420  is  rather  too  low,  but  if  it  is 
remembered  that  the  number  8,000  adopted  as  the  quotient  of 
10.333  by  1.293  is  itself  rather  high,  it  will  be  granted  that  18,400  is 
very  approximate. 

Applications. — -(a)  Let  us  find  out,  in  particular,  what  is  the  alti- 
tude, above  the  level  of  the  sea,  of  the  plane  at  which  the  pressure  of 
10,000  kgs/sq.  m.  dominates.  It  is  often  taken,  on  account  of  the 
facility  of  its  use,  as  the  unit  of  atmosphere.  iioiJi':q 

Under  normal  conditions,  the  pressure  dominating  the  sea  level  is 
10,333  kgs/m^    The  plane  of  10,000  is  situated  at  a  height  of 

iKUJ«')fk|  V    g^io       i      ^1^  =  261  m.  oxiT 

^  10,000  -  ;ls;Wlo 

above  that  level. 

Tliis  is  the  plane  generally  taken  as  the  original  plane  of  heights, 
which  authors  in  some  cases  call  the  bottom  of  the  aerostatic  ocean. 

(b)  Let  us  suppose  the  pressure  to  become  1/10  of  the  initial 
pressure  y°/2)=  10;  its  logarithm  is  equal  to  1.  Therefore  2=18,400. 
This  height  is  called  height  at  1/10. 

(c)  The  numerical  values  of  the  heights  corresponding  to  different 
values  of  p°lp  have  been  calculated  by  the  aid  of  Halley's  formula  and 
set  down  in  the  tables  of  Hergesell  (see  Marchis' :  Lepons  sur  I'Aero- 
nautique;  or  Espitallier's :  La  Tecimique  du  Ballon).  They  give  the 
altitudes  for  the  values  of  pjp  varying  from  1  to  1.25. 

For  a  greater  value  of  Polp.  the  logarithmic  law  is  utilized.  For  in- 
stance, if  i?o/p=  1.5  it  might  be  stated  that:  1.5  =  1.25  multiplied  by  1.2. 

It  suffices  to  add  the  corresponding  heights  to  the  two  component 
factors: 

1783  +  1457  =  3240. 
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Utilizing  this  process  of  calculation,  the  results  given  will  be  found 
assembled  in  the  following  table,  in  some  special  cases,  by  applying 
three  formulas  of  homogenous  height,  of  Babinet  and  Halley,  in  which, 
the  variable  will  be  the  relative  depression:  .ooij-hsH-'ist  ■->:i.j 


Pl-Pi 

Homs- 

Pi 

Pi 

gencous 
height. 

Babinet. 

Pi 

Halley. 

■ .  ;  Observations.    .    ,■  , .  ,. 

Meters, 

Meters. 

Meiers. 

T/7S  ' 

105 

1/149 

108 

75/74 

106 

Absolute  dGpressionl  cm.  of  mercury. 

1/25 

320 

1/49 

326 

2.5/24 

326 

1/10 

800 

1/19 

844 

10/9 

844 

Absolute  d'jpression  3  cm.  of  mercury. 

1/4 

2, 000 

1/7 

.2,286 

4/3 

2,299 

4/3=1.333=1.1X1.2121. 

1/3 

2,066 

1/5 

3,200 

3/2 

3,240 

3/2=1,5X1.2. 

1/2 

4,000 

1/3 

5,333 

2 

5,540 

3/4 

6,000 

3/5 

9,600 

4 

11,080 

9/10 

7,200 

9/11 

13, 090 

10 

18,400 

The  results  may  be  set  down  in  a  diagram.  The  formula  of 
homogeneous  height  gives  a  straight  line.  The  formula  of  Babinet 
gives  an  equilateral  hyperbola.  The  formula  of  Halley  gives  a 
logarithmic  or  exponential  curve.  This  curve  was  constructed  and 
utilized  b}'  Engineering 


3000 


Capt.  Barthes  in  order 
to  determine  the  alti- 
tude in  terms  of  pres- 
sure. 

Pressure  at  high,  alti- 
tudes.— The  preceding 
table  shows  that  the 
formula  of  Halley  alone 
i  s  applicable  above 
10,000  meters;  that  of 
Babinet  giving  rise  to 
gre.at  errors.  We  siiall 
therefore  follow  the  ap- 
plication of  II  a  1 1  e  y '  s 
formula  above    those         ■  ' 

altitudes,  consequently  beyond  the  area  which  belongs  to  balloon- 
ing. The  observation  of  the  logarithmic  law  shows  us  that  if,  at 
18,400  meters,  the  pressure  is  reduced  to  follQ,  or  1,000  kgs/m^ 
(j3o  =  10,000)  at  18,400  meters  X  2,  that  is  37  kilometers,  tiie  pres- 
sm'e  being  then  pJOQ  or  100  kgs///r. 

At  55.5  km.  and  74  km.  the  pressure  becomes  10,  then  1  kg./m^. 

At  55  km.  the  pressure  is  no  more  than  3/4  mm.  of  mercury,  that 
is,  the  size  of  the  vacuum  realized  in  good  pneumatic  machines. 
It  is  thus  sesu  how  much  the  air  rarefies,  and  how  rapidly,  along 
a  length  relatively  very  small  in  proportion  to  the  radius  of  the 
earth.    As  regards  the  end  of  that  atmosphere,  its  fixation  remains 
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'in  the  realms  of  scientific  hypotheses.  Numbers  may  be  given, 
beyond  which  the  gaseous  molecules  would  detach  themselves  from 

:  the  atmosphere,  the  centrifugal  force  becoming  greater  than  the 
Newtonian  attraction.  .,•„».  V-ij       ly"     •  W.'.y  «<V!.m^#. 

Other  numbers  may  be  deduced  by  observing  the  trajectories  of 
shooting  stars.  The  numbers,  given  by  diiferent  authors,  vary 
from  thousands  of  kilometers  to  hundreds  of  thousands  of  kilometers. 

(B)  We  shall  resume  the  study  of  leveling  by  supposing  the 
temperatm'e  to  be  no  longer  equal  to  0°.  But  we  shall  still  suppose 
it  to  be  constant,  callmg  the  constant  value  t. 

The  binomial  (l+at)  comes  into  the  specific  gravity  a  as  a 
denominator;  elsewhere  it  coines  in  as  a  denominator  at  Z.  Whether 
a  be  considered  variable  or  not  with  the  pressure,  and  whatever  may 
be  the  mode  of  variation  adopted,  the  binomial  is  thus  constantly 
found  as  a  numerator  in  Z.  The  three  formulas  consequently 
become:  .  . ,  ■  --  ^  ■ 

.;    Homogeneous  height:         '"^  '     ■  ■ 

0=  8,000  (l+at)  ^  ,,,.4 
Vi-Pi.U-    oift       '•  •  :ob.Xi} 


2=16,000  {l  +  at) 


Ilalley : 


18,400  (1  +  at)  log.  2l  "hj"  i^km'^A  ' 

Ih 


The  homogeneous  height  thus  expands  lineally  like  the  binomial. 

(C)  The  temperature  of  the  atmosphere  is  not  really  the  same  at 
different  heights.  Instead  of  remaining  constant,  it  decreases  in 
an  almost  continuous  manner  when  we  rise;  this  is  explained  immedi- 
ately in  the  following  manner:  The  gases  have  very  slight  absorb- 
ing power.  They  are  very  pervious  to  heat,  though  they  retain  very 
little.  They  do  not  heat,  so  to  speak,  by  radiation,  but  only  by 
conductibility.  They  are  thus  the  lower  strata  of  the  atmosphere 
which,  by  contact  with  the  ground,  practically  assumes  the  average 
temperature.  The  following  la3'ers,  by  contact  with  the  latter  and 
by  stirring,  are  also  heated  in  a  rather  less  degree.  The  decrease  of 
temperature  is  marked  within  the  limits  of  aerostatic  areas,  up  to  a 
height  of  about  10,000  meters  the  lowering  of  temperatiu'e  amounts 
to  60°  or  80°. 

The  phenomenon  is  not  regular.  Differences  in  the  temperature 
at  different  points  on  the  ground,  and  the  variations  of  the  latter 
are  the  cause  of  such  irregularity.  To  these  must  also  be  added 
disturbances  caused  by  the  clouds  which,  formed  of  small  drops  of 
condensed  water,  absorb  the  calorific  radiancy  and  heat  the  masses 
of  air  by  contact. 
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This  argument  enables  us  to  anticipate  a  limit  to  the  height  of 
the  decrease  of  temperature.  In  fact,  if  we  suppose  local  heating  to 
be  produced  somewhere  in  the  center  of  the  atmosphere,  the  gaseous 
mass  affected  by  such  heating  becomes  lighter  than  surrounding  gas, 
and  it  rises.  It  consequently  passes  to  zones  where  there  is  less 
pressure,  and  expands.  Let  us  suppose  such  expansion  to  take 
place  according  to  the  adiabatic  law,  that  is,  without  exchanging 
heat  with  the  surrounding  gas.    The  law  of  this  transformation  is 

given  by  the  formula  -r,;  p|,v,n  t.'H/vitfi.:.'>:  ^ .•,).•. 

=  constant.  '        "  ,    '  n\ 

"being  the  ratio  of  the  two  specific  heats  y=-  =  1.141. 

c 

In  order  to  determine  the  variation  of  temperature  vfith  pressure, 
for  instance,  we  shall  associate  the  formula  of  Mariotte-Gay-Lussac 
with  this  equation:  .  .  .  ..w.  ..  .  ...  .  .  > 

•    ■  pv^p^Vf,  (1  +<xt)  •■^'iq=^ofT!-fJii  .bu'jo-r^ 
or       .^^laqm'--*  'cMfft  .i<xyiudiiiiJOQ 

"""l''  ^         pv  =  PovJ -  +  A  =  PoVoa  (273  + 1) . '  ^oimk 

!  •'         .      .  .        "  .■     .     p--,.....-'.'  ■ 

;    The  simplified  statement  adopted  for  this  equation  is  ^ 

lb  ^^-/i  iofr;'! 07  e;tj5.    pv  =  RT.  -f  M  '•«t>f+rr">''-'n'))  ^r:  rA'.utc  (2) 

R  being  a  constant  =2Wo  «  and  T,  which  is  called  absolute  tem- 
perature, being  equal  to  the  centigrade  temperature  increased  by 
273. 

We  shall  eliminate  v  from  (1)  and  (2),  for  instance,  by  raising  (2) 
to  the  power  y.  ,  -  -  . 

Dividing  factor  by  factor,  we  get:  ■  '  - 

If  this  equation  be  differentiated:      •  " 

or  in  dividing  by:   ■"  '      "    '  '  n  ■    •     .j^  hooiod 

ypdT={y-\)  Tdpii.;,]^^.^,  j.,;^^ 

Let  us  find  the  variation  of  pressure  and  consequently  the  altitude 
cleared,  corresponding  to  a  variation  of  temperature  ofj_l°:      on^  x 
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Let  Tis  otherwise  adopt  7'=  273,  which  comes  to  at=^. 
"■  Therefore: 

rj'-  :;?>s  ;  ?/- 1^273    0.41  ^273  i 
Therefore:  c^:!,        ,  ']  g^, 

.■q;v>. /I 8^000  ^  =  101  meters.         ' .  -  .% 

The  mass  of  air  which  has  been  raised  in  consequence  of  local 
heating  therefore  cools  by  about  1°  per  100  meters  of  elevation,  s 

In  the  adjacent  layers,  the  decrease  of  the  temperature  must 
necessarily  be  less  rapid.  In  the  contrary  case,  in  fact,  the  mass 
which  rises  alwa^^s  remains  at  a  temperature  higher  than  that  of  the 
surrounding  air,  and  consequently  would  continue  to  rise  indefinitely. 
In  the  same  manner,  any  local  cooling  would  determine  a  falling 
motion  in  the  gaseous  mass  affected,  which  would  only  cease  on  the 
ground.  The  atmosphere  v/ould  thus  be  in  an  unstable  state  of 
equilibrium,  much  disturbed  by  any  variation  of  temperature.  A 
state  of  stable  atmospheric  equilibrium  thus  entails  a  more  rapid 
decrease  of  temperatui'e  than  1°  every  100  meters. 

According  to  the  observations  of  Flammarion,  Col.  Renard 
proposes  the  adoption  of  an  average  law  of  decrease  stating  the 
lowering  of  temperature  to  be  proportionate  to  the  relative  depression. 
He  has  admitted  the  formula  to  be  as  follows: 
■  ■-  .  j;;. :  ^ .  .c.!'<=aoo  -a  :gai'}d  -$1 

Taking  f,— 1=  1,  the  result  is  that  ■* 

■       ■  Pi      55  rote^vr.' 

2=^^^^  =  about  150  meters,  i' 

According  to  Capt.  Barthes,  the  decrease  would  be  1°  per  100 
meters  up  to  300  meters  above  the  ground,  and  of  1°  per  200  meters 
beyond  it. 

The  observations  reported  by  M.  Angot  show  up  very  exactly  the 
fact  that  the  irregularities  due  to  variations  of  temperature  on  the 
ground  may  also  be  extended  to  a  height  of  1,000  to  3,000  meters, 
when  the  law  of  decrease  can  not  be  correctly  asserted.  It  fre- 
quently happens  that  inversions  of  temperature  are  met  with;  that 
is,  there  are  instances  of  the  rising  of  warmer  zones  over  colder  ones. 
This  phenomenon  is  produced,  in  particular,  every  night  close  to 
the  ground,  which  cools  the  strata  of  air  by  its  contact,  through 
radiance  and  also  by  conductibility.    The  effect  of  these  phenomena 
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of  heating  on  the  stability  of  balloons  kas  been  clearly  ascertained 
by  Capt.  Jonx,  in  the  course,  oi  nurneroxxs  night  ascents  by  dirigibles 
at  high  altitudes.  Beyond  3,000  meters,  and  up.  to  about  10,000 
meters,  the  phenomenon  is  more  regular  and  more  rapid.  It  almost 
attains  a  value  corresponding  to  adiabatic  expansion:  About  0.9°  per 
100  meters.  At.  10,000  meters,  the  decrease  is  brought  to  a  stand- 
still. The  temperature  would  remain  practically  constant,  and 
wouM  even  have  a  tendency  to  rise  again  in  what  is  called  the  isother- 
mic  zone.  The  tldclmess  of  such  isothermic  zones  has  not  been  deter- 
mined.   Its  temperature  v.'ould  be  —50°  to  —75°. 

To  sum  up,  there  is  no  formula  which  satisfactorily  represents  the 
variation  of  temperature  with  altitude.  It  can  only  be  Imown  by 
the  experience  of  the  moment.  Nor  can  it  be  measured  simidta- 
neously  at  different  altitudes  of  the  zone  cleared.  Such  measure- 
ments are  usually  taken  by  means  of  a  registering  thermometer 
which  registers  the  temperature  of  the  different  an*  zones  in 
succession. 

It  is  not  possible  to  calculate,  analytically,  the  variable  tempera- 
tme  of  each  air  zone  by  determining  its  height.  A  zone  in  which 
the  temperature  varies  regularly  from  t-^  to  U  is  assimilated  with  a  zone 
in  which  the  temperature  would  be  constant  and  equal  to 

If,  in  consequence,  it  is  supposed  that  t=  ^  ^  ^'  the  formulas  found 

in  paragraph  (B)  will  suit  the  ease.  I-'?     /'   '""S^S^  , 

(D)  The  endeavor  to  find  greater  exactitude  leads  to  considera- 
tion of  the  m.oisture  contained  in  the  air  and  measured  by  means  of 
the  hygrometer.  Let  /  be  the  tension  of  water  vapor  in  the  air,  f 
the  exterior  pressure;  the  specific  gravity  of  the  air  is  known  to  be 
modified,  under  such  conditions,  in  the  ratio  {l  —  3/8{f/p}).  This 
factor,  entering  into  a  as  a  numerator,  becomes  the  divisor  in  z.  We 
shall  maintain  {1 +  3l8(f/p)) ,  utilizing  a  familiar  approximation,  as 
multiplier  in  0. 

The  hygrometric  state,  like  the  temperature,  varies  with  the  alti- 
tude. An  average  value  wiU  be  taken  as  representing  the  hygro- 
metric state  of  the  zone  by  supposing,  at  the^  same  time,  r;  ;!.?:;  aiifjooeft 


Col.  Renard's  formula. — On  account  of  the  uncertain  correction 
of  hygrometry,  the  ordinary  air  hygrometers  behag,  in  fact,  ra;ther 


The  formula  of  Halley  then  becomes:      ,  ,  : 

z  =  18,400  (1  +  3/8  f/p)  [1  +  at]  log  pjp,. 
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inexact  instruments,  the  idea  of  measuring  it  may  be  given  up,  and 
only  the  direction  of  the  correction  taken  into  account  hy  attribu- 
ting to  it  an  average  value.  ^^J'>-^>-       •<■•  bf.fovo/-..    .^^.u-Lni-mn:  jivdti 

When  it  is  remembered  that  moisture  generally  increases  with  the 
temperature,  it  may  be  expected,  in  average  cases,  that  the  variation 
of  the  specific  gravity  "a"  under  the  influence  of  the  temperature,  is 
greater  than  is  shown  by  the  coefficient  of  expansion  a.  This  may  be 
taken  into  account  by  adopting  a  greater  value  for  a;  that  is,  1/250 
or  0.004  instead  of  1/273. 

The  following  was  taken  by  Col.  Renard : 


Yo  n-.vojo.ii  30 


0=  18,400  (1  +0.00401og  pjp,. 


We  shall  explain  t,  the  average  temperature  of  the  section,  by 
adopting  Col.  Renard's  law  of  decrease: 

t-l  T  i2  :i  ■ 

2        .     ,  ..  ■  /.  ,   - 

with  -  ■      :  ■  , 

Let  us  express  t,  for  instance,  in  terms  of  the  temperature  observed 
in  the  balloon  (it  might  otherwise  be  expressed  in  terms  of  observed 
on  the  ground)  as  follows:  -    i  • 

^  =  '^  +  '^^27.5(1-^)  i  =  |  +  ^^27.5(l-^)  , 

-j^:io.l?it;:r  ,1)  c<  Sim:*'}  n\y-  .  bnil      lov^jftiiit?  o/IT'  td) 

.  ■  ;:.c;ie./'f  r.:  =^2  +  27. 5  (  1  — —  V     ci  ,b9.a«jJn<io  sif/Jeioixx  Siit  5()  xiioM 
Therefore:       •■  ■    ;d  -);Usd\j9J 


2  =  18.400  (1  +  .004^2  X  .004  X  27.5  -  .004.27.5  p^/pi)  log.  Pi/p, 
or  ,   .  -  • 

,  ^=18.400  (l.ll  +  .004i3-.ll  pM  log-  2'i//'2;!J2/a'iL 

which  formula  was  long  used  at  Chalais  to  give  the  most  exactly 
estimated  altitude  attained  by  a  balloon. 

(E)  Finally,  the  variation  of  specific  weight  may  be  taken  into 
account  with  the  gravity .         .-'Jm^r-ci'/irgs.  vd  'i'-c:f:Sfy-.-ia  'y-%\ri:u'n^M^. 

Let  g^xz  be  the  acceleration  of  weight  corresponding  to  latitude  X 

and  to  altitudes;  t—-^  to  latitude  45°  and  to  the  sea  level. 
0.45 

. . . ...  ■  >,::>'ucc).)ti  y-  -Uid  ■ 

It  is  stated  that:  ^  .  v 


■:■  9xz=g.r.  (i -.00259  cos.  2X)  (i-^)- 

R  being  the  radius  of  the  earth. 
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Both  factors  are  multiplied  in  obtaining  the  specific  gravity.  We 
shall  therefore  maintain  as  multipliers  in  z:     ■  "  •  •  - 


In  conclusion,  the  most  exact  formula  of  barometric  leveling,  first 
demonstrated  bj  Laplace  and  then  resumed  by  M.  Angot,  is  thus 
expressed:  ' 

z  =  18.400  (1  +  .00259  cos.  2X)  (1  +  2zlK)  (1  +//P)  (1  +  at)  log.  'pjj)^, 
or  practically 

2=  18.400  [1  +  .00259  cos.  2  \  2zlR+flp  +  ai]  log.  p^/^),. 
It  must  be  observed  that  the  quantit}^  to  be  determined  is  in  the 

second  factor.,  r;  ./,fri-;;o  f    IV'T;    'i'r(f,-R'y:,T       fOtO.:;''    OWJ    -^Wij   ^ijr/iXS  ru;itfr 

This  term  of  2zlR  being  small,  however,  z  can  be  replaced  by  an 
approximate  value  without  inconvenience. 

Hergesell  has  constructed  tables  giving  the  values  of  each  of  the 
preceding  corrections  in  certain  scales  of  variation  of  the  factors. 

It  is  a  recognized  fact  that  with  aU  these  improvements  the 
formula  can  not  be  employed  for  heights  greater  than  1,800  meters. 
The  adoption  of  an  average  temperature,  in  particular,  for  an  inter- 
val of  such  height  leads  to  erroneous  results. 

i  In  the  case  of  a  greater  height,  it  is  divided  into  sections  in  regular 
succession;  these  are  less  than  1,800  meters  thick  and  are  limited, 
according  to  the  inscriptions  of  the  recording  thermometer,  by  points 
between  which  the  temperature  varies  in  a  consistent  manner. 

The  formula  previously  stated  is  applied  in  each  of  the  sections. 
The  total  altitude  is  equal  to  the  sum  of  the  partial  heights  thus 
obtained. 

Remarks. — 1.  The  formula  of  barometric  leveling  is  not  onty  used 
in  aeronautics  in  calculating  the  exact  height  attained  by  aircraft, 
particularly  for  the  confirmation  of  records ;  it  may  also  be  utilized 
in  geodesy  together  with  other  topographical  processes. 

The  pressures,  in  such  case,  will  be  measured  by  means  of  a  mer- 
cury barometer  instead  of  an  aneroid  one;  the  former  is  preferable 
whenever  its  use  is  possible.  It  must  be  noted,  however,  that  the 
mercury  column  should  be  subjected  to  the  gravity  correction, 

2.  There  is  another  process  for  determining  heights,  called  hyp- 
sometry,  based  on  the  following  principle:  A  liquid  boils  in  the  open 
air  at  the  temperature  at  which  its  maximum  vapor  tension  is  equal 
to  the  pressure  which  it  supports.  <!■>■•■>]:(?•:{        .fU-»;v,/  ol' ■  ir'iip'i^ 

The  tables  of  vapor  tension  have  been  stated  by  Regnault.  The 
exact  mieasure  of  the  boiling  temperature  renders  it  possible  to  find, 
in  those  tables,  the  value  of  the  external  pressure.  The  barometric 
record  is  replaced  by  a  thermometric  record.    By  means  of  accurate 


and 


(1  +  .00259  cos.  2X) 


(1+22/i?). 


^:'t       t'  All 'A'  (vro.or 
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thermometers  tlie  temperature  may  be  kaown  to  within  1/50  of  a 
degree.  At  about  100°,  hov/ever,  the  boihng  temperature  of  the 
water  diminishes  by  1°  ^vith  an  external  pressure  of  27  millimeters 
of  mercury;  then  the  diminution  of  temperature  becomes  more  and 
more  perceptible  as  the  pressure  diminishes.  The  accuracy  of  the 
method  is  fairly  good,  but  its  application  is  not  very  simple.  ,, 

gyjii  si  J    THE  VERTICAL  MOTION  OF  BALLOONS. 

:       ■  .  .       ..1.  THE  FREE  BALLOON,    m  ,  ^  (--a  f  f-<> 

We  have  previously  laid  emphasis  on  the  variation  of  the  specific 
gravity  of  gases  in  proportion  to  that  of  pressure  and  temperature. 
A  glance  at  the  system  of  barometric  leveling  next  showed  us  to 
what  extent  the  two  factors,  pressure  and  temperature,  vary  in 
the  vertical  motion.  We  shall  now  discuss  the  vertical  motion  of 
the  balloon  b}^  following  the  variation  of  the  forces  to  which  it  is 
subjected. 

Let  us  fu'st  consider  the  case  of  the  free  balloon.  We  shall  take 
no  account  of  the  difference  of  pressure  betv/een  the  balloon  gas 
and  the  air  outside  it.  It  has  been  seen,  in  the  case  of  lifting  power, 
that  this  overpressure  lessened  the  upward  vertical  force  which 
remained  in  a  slight  proportion.  The  small  increase  of  gravity 
thus  introduced  is,  moreover,  practically  constant. 

Among  the  vertical  forces  acting  on  the  balloon  we  shall  commence 
by  talcing  no  account  of  purely  static  forces.  We  shall  consequently 
overlook  the  acceleration  of  motion  and  th&  resistance  offered  by  the 
air  to  such  motion. 

The  forces  are  thus  reduced  to  the  effect  of  weight,  in  a  downward 
direction,  and  the  Archimedean  thrust  directed  upward.  The  weight 
effect  includes  the  gravity  of  the  gas  and  the  weight  of  the  solid 
parts. 

Let  V  be  the  volume  of  the  gaseous  mass,  h  its  specific  gravity 
imder  the  condition  of  the  moment  (b  is,  in  consequence,  essentially 
variable);  Vb  is  the  gravity  of  the  gaseous  mass.  '''i  ^ 

The  weight  of  the  solid  parts  maj  be  designated,  for  the  moment!, 
by  a  global  weight  P,  which  includes  the  invariable  solid  weight, 
and  the  variable  weight  of  the  ballast  and  of  the  balloonists.  The 
solid  weight  is  reckoned  in  air,  as  is  usually  understood  in  the  case 
of  the  weight  of  a  solid  body.  It  is  the  true  weight,  diminished  by 
the  thrust  of  Ai-chimedes.  This  apparent  weight  is,  in  reality, 
slightly  variable  when  the  balloon  is  displaced,  in  a  vertical  direc- 
tion, since  the  Archimedean  thrust  varies  in  proportion  to  the 
specific  gravity  of  the  air.  The  differences  thus  introduced  are, 
however,  small  in  ratio  to  P.  They  may  certainly  be  overlooked 
in  that  section  of  height  at  which  the  equilibrium  of  the  balloon 
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must  be  considered  in  order  to  have  a  determined  useful  load. 
Neither  shall  we  take  into  consideration  variations  of  gravity  with 
varying  altitude.  The  Archimedean  thrust  on  the  gaseous  mass  is 
equal  to  Va. 

These  forces  are  constituted  by  subtraction.  The  resultant, 
which  is  in  an  upward  direction,  is  equal  to  Va—  Vb—P.      .  .:.-  t 

If  such  resultant  is  null,  there  is  equihbrium;  if  not,  it  is  called 
loss  of  balance.  If  the  expression  thus  estimated  is  negative,  the 
subtraction  being  made  in  the  direction  indicated,  it  is  evident  that 
the  resistance  is  in  a  downward  direction. 

Let  us  therefore  suppose  that — 

'  B=Va-Vi  -P. 

Inflated  and  slacTc  balloons. — distinction  must  be  m^ade  between 
the  conditions  of  the  balloon  when  it  is  completely  or  partially 
inflated.  In  the  former  case  the  envelope  is  tight  and  the  volume 
is  constant  and  equivalent  to  its  maximum.  But  the  gravity  of 
the  gas  contained  diminishes  gradually  on  account  of  the  c^uantity 
that  escapes  through  the  sleeve  of  the  appendix,  though  the  baUoon 
is  said  to  be  fully  inflated. 

'  In  the  second  case  the  envelope  makes  folds,  so  that  the  volume 
is  less  than  the  total  capacity  of  the  envelope  and  is  variable.  The 
weight,  on  the  contrary,  is  constant,  since  the  gaseous  mass  can 
expand  without  exhaustion  through  the  appendix.  The  baUoon  is 
said  to  be  slack. 

,  .    ,.  INFLATED  BALLOON  OR  CONSTANT  VOLUME.  /  ■^^ni.i^sn 

Let  us  first  consider  the  case  of  the  fully  inflated  balloon,  or  the 
baUoon  with  constant  volume. 

So  long  as  a  balloon  is  full  it  does  not  descend.  A  descending 
motion — that  is,  the  arrival  of  the  balloon  in  a  higher  zone  of  pres- 
sure— is,  in  fact,  accompanied  by  a  contraction  of  the  gaseous  mass, 
so  that  the  balloon  becomes  slack.  A  balloon  remaining  fully 
charged  can  not,  therefore,  be  subjected  to  negative  losses  of  balance. 

Take  the  case  of  such  a  baUoon  on  the  ground,  at  the  moment  of 
weighing,  that  is,  in  a  state  of  equilibrium —  ■      .  ' 

We  shall  take  it  for  granted  that  the  gas  is  subject  to  the  same 
pressure  and  temperature  as  the  outer  air,  which  is  sufficiently 
exact  in  the  case  of  the  first  general  results  about  to  be  stated, 
f   Supposing  that  '  " V  '       .  "     "  -•-     ...  .... 
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It  may  be  stated  that       "  .       ^'       '        i;  ^ 

Let  us  produce  a  positive  loss  of  balance.  For  instance,  a  certain 
quantity  of  ballast  might  be  dropped,  such  as  or  unballasting. 
The  positive  loss  of  balance  is  equal  to  Z^.  ,  ,.  .  ^  .  ^ 

Under  the  action  of  this  loss  of  balance  the  balloon  ascends.  '  St- 
the  same  time  the  lifting  power  <p  lowers  with  the  external  pressure. 
The  loss  of  balance  V<p  -P  consecjuently  decreases  and  finally  dis- 
appears.   This  takes  place  on  a  plane  where  the  lifting  power  has 
the  value  of  (po,  so  that 

V^,-iP,-l,)^0.   '-"^  ^   ^X2>- 

From  a  static  viewpoint  the  balloon  will  be  equilibriated  on  that 
plane. 

Let  another  quantity  of  ballast,  L,  be  dropped.  The  balloon 
climbs.  When  there  is  a  new  value  v?3  of  the  lifting  povver,  the  loss 
of  balance  is  again  canceled — 

U...,,i..:^,...J.ir,:::,..,,:.      V  <p,  -  (P ,  -  1  ^  -J,)  ^  0 .  (3) 

The  operation  may  be  repeated.  It  is  seen  that  the  equation  of 
equilibrium,  after  n  droppings  of  ballast,  comprises  a  solid  weight 
(Pi  -Zi  -Zj  .  .  .  Zn),  which  evidently  does  not  depend  on  the  order 
of  the  operations.  The  value  of  (f  is  consequently  given  by  the 
equation,  and  for  that  reason  the  altitude  attained  depends  only 
upon  the  total  quantity  of  ballast  dropped  and  in  no  wise  upon  the 
manner  in  which  it  has  been  dropped.,  w, ■  u  ,         -  . 

First  law. — By  comparing  equations  of  equilibrium  on  two  suc- 
cessive planes  another  law  may  be  deduced.  For  instance,  equa- 
tions (1)  and  (2),  previously  stated,  characterize  the  equilibrium  on 
planes  1  and  2.  We  shall  now  subtract  those  equations  factor  by 
factor.  ; 

The  result  is —      '••■'-J'J!  ' 

Now,  V<Pi  is  the  total  lifting  power  of  the  mass  of  gas  contained  in 
the  balloon  on  plane  1,  V<P2  being  the  total  lifting  power  of  the  gaseous 
mass  remaining  in  the  baUoon  on  plane  2. 

The  total  lifting  power  of  the  gaseous  mass  originally  contained 
in  the  balloon  is  equal  to  that  of  the  remaining  gas  plus  that  of  the 
gas  which  has  escaped,  since  we  know  that  the  total  lifting  power 
of  an  invariable  gaseous  mass,  subjected  at  every  instant  to  the  pres- 
sure and  temperature  of  the  outer  air,  is  constant. 

The  first  factor  of  equation  (4)  therefore  represents  the  total 
lifting  power  of  the  escaped  gas  when  passing  from  plane  1  to  plane  2. 
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It,  Second  lavj. — When  a  balloon  climbs,  it  ejects  a  gaseous  mass,  thfr 
total  lifting  power  of  which  is  equal  to  the  original  unballasting. 

JJnhaUasting  formula. — It  is  now  important  that  we  should  know 
the  height  attained  after  a  certain  amount  of  unballastiag,  which 
problem  will  present  itself  m  practice  as  well  as  in  theory.  How 
much  ballast  is  it  necessary  to  drop  m  order  to  reach  a  stated  height! 

This  question  entails  the  study  of  a  series  of  more  and  more  com- 
pHcated  special  cases,  in  the  same  m.anner  as  in  studying  barometric 
leyeliag. 

(A)  Suppose  the  temperature  of  the  air  and  that  of  the  gas  to  be 
constant  and  equal  to  one  another;  let  t  be  their  value,  whether  it 
differ  from  0°  or  otherwise. 

This  hypothesis  is  more  restrictive  than  that  made  up  to  the 
present,  and  according  to  which  the  temperatures  of  the  air  and  of 
the  gas  alone  were  equal.  The  precediag  formulas  therefore  hold 
good. 

Let  us  resiune  formula  (4)  and  replace  in  terms  of  ip^.  The 
law  of  Mariotte  alone  controls  the  transfer  from  one  value  to  the- 
other:  oj  -.fji/uy  .  ;.;0::i 

Therefore — 

•'^  The  first  factor  is  the  ratio  of  the  imballastmg  to  tlie  total  liftiag 
power.  Col.  Charles  Renard  called  it  the  relative  unballasting  and 
expressed  the  following  law: 

The  relative  imballastmg  is  equal  to  the  relative  depression. 

The  depression  being  known,  we  are  faced  with  a  problem  of 
barometric  leveling  ia  order  to  find  the  height. 

Let  us  first  take  the  formula  of  homogeneous  height  and  see  the 
result  of  its  application: 

2  =  8000  {l+at)^^' 
Here  we  have —    '-^  ;  .  .  ;    v  l      :  . 

=^  :  2  =  8000  (l+aO-fT- 

is 

If,  in  particular,  the  constant  temperature  is  supposed  to  be  equal 
to  zero,  the  formula  stands  thus: 

.         -i       .        .    ,    r      2  =  8000t^  ^       ^  •       "  ^  (5'> 
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By  the  interpretation  of  this  formula  we  can  enimciate  a  certain 
number  of  laws :  1  •■. ■  r i-^ i i . >  out  o.t  tiHTm-  ?r  •f*'»)Mw  lo  •r^r/oa  vr-i^Ml  ff>ibt 

TMr(Z  law. — 1 .  Supposing  z  to  be  determined,  it  is  found  that  the 
loss  of  balance  should  be  proportionate  to  the  volume  of  the  balloon 
and  to  the  lifting  power  of  the  gas  which  inflates  it  in  order  to  attain 
a  given  height. 

2.  If  v/e  suppose  1  to  be  determined,  z  varies  in  mverse  ratio  toF^. 

Fourth  law. — a.  For  a  given  unballasting  of  two  balloons  inflated 
with  the  same  gas,  it  is  therefore  the  smaller  one  which  climbs  the 
higher. 

'  FiftJi  law. — b.  For  a  given  unballastuig  of  two  balloons  of  the  same 
volume,  the  one  wliich  is  inflated  with  the  heavier  gas  will  climb 
higher  than  the  other  one. 

These  two  propositions  combined,  a  and  6,  are  often  called  an 
aerostatic  paradox. 

c.  The  lifting  power  <p^  does  not  depend  only  upon  the  nature  of 
the  gas.  We  know  that  it  varies  in  proportion  to  the  pressure. 
If  <Pf)  is  its  value  at  0°  and  with  a  pressure  of  10,000,  at  0°  and  with 
a  pressure  pi  its  value  will  be  equal  to  .  : ,  ■ 

(Pi  will  therefore  be  so  much  the  smaller  when  is  smaller;  that 
is,  when  the  balloon  is  at  a  great  height.  Therefore: 

SixtJi  law. — In  the  case  of  a  given  unballastmg,  a  balloon  climbs 
all  the  higher  when  its  unballasting  takes  place  at  a  higher  altitude, 
i-  d.  The  lifting  power  varies  equally  with  the  temperature,  in  the 
proportion  stated  by  the  law  of  Gay-Lussac.      '-jroiWl  eiii  basasTqita 

ic  .f.fi,ol.'V;q  a  d-iiy  i)SD.»j;    <Pt  =  <Po  i  j_  /  '  Z[imii  ' ftohecri'iii^h  ....... 

Let  us  take  (5)  into  the  formula  instead  of  (.5'),  since  the  homo- 
geneous height  is  itself  midtiplied  by  the  binomial    jcfqi.  H.ti  lo  Ui/ftS'i 

■  2  =  8000  {l+aty  IjVcp^ 

By  overlooking  the  term  of     it  might  be  stated  thus: 

I,-  ■      ■  ■    2=8000  II V^,. 

For  a  double  reason,  the  value  of  z  is  therefore  increased  by  a 
rise  in  temperature.    The  law  may  be  expressed  as  follov/s: 

Seventh  lavj. — A  balloon  climbs  higher  m  summer  than  in  winter 
when  acted  upon  by  a  determLued  unballasting. 

Ap-plication  of  the  formulas  of  Bahinet  and  Halleij. — The  directions 
given  in  the  formula  of  homogeneous  height  are  often  sufficient  in 
practice.    The  laws  thus  obtamed  remain  true,  if  a  more  exact  for- 
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mula  be  made  use  of,  in  determining  the  height  attained.  We  shall 
examine  the  alteration  brought  to  bear  on  the  estimation  of  z  by 
employing  the  formulas  of  Babinet  and  Halley. 

Let  us  suppose,  for  instance,  that  the  constant  temperature  be  0: 

Bahinet. — 

oct  rtiSiff  boo;q  p.  h  1i  r?fr;      ;,j  ;<:..n-3'.".i  i      i  _Vi 
"]■    .  2  =  16,000  ^5^==  16,000—-^^ 


Whence  we  deduce 
Therefore 


.  t'').^f^o■ 


07-:^-  ,';07jV'O;i 

"0  V'   .  ; 


V  1 

3=16,000   7-=16,00077T7  7 

2  .  z  K    —  t 


Q^'J  'to  el  bo-jqoiu!  .•jtfA'-jrJ!-- 


2  =  8000 


scf  481  fra  d/id>  io  4rt'«j-.)V/ 


7^- 


1 

(6) 


Halley. — calculation  in  logarithms  is  needed  to  obtam  the  result 
numerically.  A  large  numler  of  results  have  been  recorded  for 
balloons  of  different  capacity  inflated  with  hydrogen  or  illuminating 
gas  m  the  maballasting  tables  drawn  up  by  Hergesell. 

Another  approximate  formula. — If,  in  Halley's  formula,  the  loga- 
rithm be  developed  in  series,  and  if  we  stop  at  the  first  term,  a  frac- 
tional expression  is  obtained,  which  may  be  calculated  by  the 
ordinary  process. 

This  comes  to — 

Z^^rZ^yi-Su'^^^d  oi^^       2  =  8000-^^  (7) 

It  is  not  worth  while  to  make  the  calculation  of  this  formula;  it 
snows  no  improvement  on  the  simple  formula  of  homogeneous  height, 
as  will  be  seen  by  the  following  comparison. 

Suppose  we  have  a  normal  balloon,  of  which  the  total  lifting  power 
is  600  kgs.  on  the  plane  of  10,000.  The  three  formulas  of  unballast- 
ing give  the  following  results:  , 


If' 


0.  ;  '10 

•  .  I  t'r  i  '  \  --f 

Unbal- 
lasting, 
L 

Homoge- 
neous 
lieight, 

Babinet, 
-i 

Halley, 
-i 

Tables  of 
Herge- 
sell. 

C  ''>'•'  .!/; 

•;!-.  o:. 

30k 
100k 

400 
1,333 

410 
1, 454 

420 
l,G0O 

410 

1,4G0 
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From  this  a  good  approximation  may  be  inferred  in  employing 
the  formula  of  Babinet. 

Coefficients  of  stability  and  of  mobility. — The  preceding  study  is 
evidently  imperfect,  on  account  of  the  hypothesis  which  has  been 
made  on  the  subject  of  temperature.  The  results  obtained  may, 
however,  serve  as  an  index  in  average  cases  and  it  is  a  good  plan  to 
keep  a  certain  number  of  them  in  mind. 

For  instance,  the  "coefficient  of  mobility"  of  a  balloon  is  the 
name  given  to  the  number  of  meters  climbed  by  it  after  1  kilo  of 
ballast  has  been  dropped.  An  average  number  is  adopted,  corre- 
sponding to  the  temperature  of  0  and  to  the  value  of  the  lifting  power 
on  the  plane  of  10000. 

Under  these  conditions  the  followmg  number  is  obtained  for  the 
normal  balloon : 

?rt  =  8000  7rK7;  =  13  m.  33  cms. 
13.50  m.  would  be  adopted. 

For  the  siege  balloon,  the  mobility  coefficient  adopted  is  of  the 
value  of  9.70  m. 

A  magnitude  contrary  to  the  preceding  is  defined  and  called  the 
"coefficient  of  stability."  It  is  the  weight  of  ballast  that  must  be 
thrown  to  raise  the  balloon  1  meter,  or  it  may  be  the  diminution 
undergone  by  its  total  lifting  power  for  an  elevation  of  1  meter.  Its 
value  s  for  the  normal  balloon,  for  instance,  is  such  that 

•  "   l=8000  s/600. 
-  We  may  therefore  have  vrvoV 

Oii-il  ft  ."•!':•>)        ')nj  ifi  .<       1   ,  T  -ohaa  fit  hoqoioTsb  od  mdih 

g  —  ~  074  k   •  •  • 

.  •      '  'fi'tA 

The  stability  coefficient  adopted  for  the  siege  balloon  is  .103  kgs. 

(B)  In  case  of  variable  temperature. — We  shall  suppose,  moreover, 
the  temperature  of  the  gas  and  that  of  the  air  to  be  di-Tv^rent,  each 
of  them  varying  ia  some  way.  We  shall  take  the  most  general  case, 
vrith  the  ol)je(,'t  of  shortening  the  calculations.  The  follo.ving  ])av- 
ticular.s  apply  to  it:  First,  when  the  tom.perature  is  variable,  but 
rcmuins  the  same  for  the  gas  and  for  the  outer  air.-  Second,  when' 

th(>  tempcr.iture  h  dir-^Tent  from  the  gas  and  the  air,  but  when  such. 

yyiivi  I.  .  jikt  OUT  /to  .ff^'A  Ouct  bi 


dhrei'once  i^  constant. 

In  that  casL\  the  simple  law  of  Charles  Eenard  can  no  longer  bti' 
applieil   (relative  unballasting  =  relative  depression).    The  unb.i:- ■ 
lasting  is  connected  with  tl^c  depression  by  the  action  of  the  temper- 
ature.   It  is  this  action  which  vrc  are  a])Out  to  establish. 

On  plane  (1),  lot  be  the  prc.s.^aro,  f,  the  temperatiire  ox  Uio  aif> 
l\  that  of  the  gas,  c,  a;i:l  b^  the  spe;iilc  gravities  of  the  air  and  of  the 
gas,  P,  the  total  lifting  pov/or.  •  .  i. ..  ..  ■ 
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We  shall  suppose  that  there  is  equilibrium.  ■  '  .1 

Therefore : 

.   ^  ^y^^-.s,  V  (a,-hO=P,.     J.  rn^  ;]-^;' 
Let  a  quantity  L  be  unballasted.    The  solid  weight  becomes 

The  balloon  recovers  its  equilibrium  in  a  zone  2  where  the  pre- 
ceding components  have  the  f ollov/ing  values : 

i  ■  '.''\     '  ■" / " 

The  equilibrium  ratio  is  thus  expressed      -  ^  ^  -  - 

..       -  ■        V  {a,-K)=P,-L,.    -     ■    -       ,     .  -  _  . 

We  shall  divide,  factor  by  factor,  the  two  equations  of  equilibrium. 
The  result  is  as  follows : 


,  ■  ..  . ;:         v  ia,-hj  p. 

But  we  may  express     and     directly  in  terms  of     and  6j.  :  .-,77 

or,  by  using  an  artifice  of  calculation  several  times  employed:  ^" 

in  the  same  way r^^'?^'^^^.  '^  '-^"^^'^^po:-^  ^nu:v.f.jij  ■  .noi^wiq,,,  oxIT  . 

A"  '  'r.  Rhiwvo'!-!  ifi/;.ianop  '*irf'  oJ  !js^i.>qqo8  s.&ya  .3'iu.jrrioqrn'j.i  orij 
Let  us  suppose  that: .  '.Da-M  ifiqi^nhti'itfi/icf  o;  hnbbi;  >:i  iaioj  -vitooT 

,  —/..  =  £  Jowcrintr  oc  cno  temperature  or  the  air; 

bflfl  ("t^^fj^V  =l(ywcrmg  of  the  temperature  of  thei^gasr^'^^^  I-r^^ 

'    By  taking  ^  as  a  factor,  it  may  be  stated  thus:  ■  ^'''^  ^ 

«'2  -  «2  =         -  &i  +  ^>C07i  -  t^^t'] 

Let  us  introduce  as  a  factor  .ai  —  &i  to  meet  the  form  required  by 
Lbc  formula  '  .-L^Q^^i^-ui-:.,        n  r^d-]  \:^,^^r,r^rr-,uij^ra 

■■■■  -  ■  a.-\  =  '^{si,-o,)\l^  V(V-V)T-  '  (80 
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From  this  we  deduce   >vn-iiiiu{{pivbi  yieiW  -mki-iuW 

^4^orl-^=2-fi+-^(a,e-^c-')1  - 


whence,  by  remarking  that  the  coefficient  of  PilPi  consists  of  1  plus 
a  smaller  term,  •     —  r:-  -,.       ,i  .  rlT^ 

Pi        Pi  Pi\  Vihi-^i 

Such  is  the  relation  between  the  depression  and  the  unballasting. 
Let  us  carry  the  value  thus  found  into  the  formula  of  homogene- 
ous height:  ^       ^ -nI[ol  ^{0a9-I  sdT 

0  =  8,000 ( 1  + aO  ^i-^  • 

.  Pi 

It  must  be  noted  that  the  temperature  t  entering  this  formula  is 
an  average  temperature  i{  = -^-2"^ •      'K  _  '.\  ,•         -  .    ':•  i  .  ,,.> 

We  thus  find,  for  the  height  resulting  from  unballasting  2, 

3  =  8,000(l  +  aO  (ai£-6/)J  (9) 

2  =  8,000(1 +  aOpi  + 8,000  (1  +  aO  (1  -  1/^?,)— ^       -  ft^e') . 

The  expression  z  therefore  consists  of  a  principal  and  underlined 
term  which  is  none  other  than  the  value  previously  found  by  the 
application  of  the  formula  of  homogeneous  height  in  the  case  when 
the  temperature  was  supposed  to  be  constant  (formula  5).  A  cor- 
rective term  is  added  to  that  principal  term.  lii/u 

In  calculating  the  corrective  term,  which  is  evidently  small,  or 
when  a  is  a  factor,  we  are  authorized  to  make  approximations.  1 
may  thus  coincide  with  the  product  of  the  two  factors  (1  +  at)  and 
{I— tip)  each  very  near  to  1,  and  one  of  which  is  generally  greater 
than  1  and  the  other  less.  The  corrective  term  is  then  expressed  as  - 
follows:  .  ;    ^  •  ,      . .-  ' 

...  I  8,000— ^(a,6-6ie').  '-r,  ^. 

1.  Let  us  first  take  a  special  case  t  =  t'.         ■    .iy-y-lhu'iHxh.r-u.  Jo.l 
It  must  be  remembered  that  this  expresses —      :  •  ■  'C-  'Jk'riri'iju.'Lnlr 
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It  may  be /also  stated  that-rj^r  00 -lo  :/im>iri ';^;d:ifjoio%-'  boniiiMo 
^_     .olflisnspii  el  xioi.fi •i-jj?'-  .■  ^     ^    ".rods  lo  or/IjBv  a  vd  b-aifgicrrcr 

The  quantity  0  has  aheady  been  defined  as  the  difference  between 
the  temperatui'e  of  the  gas  and  that  of  the  air,  and  it  has  been  called 
heating.  The  particular  case  in  question  supposes  that  the  heating 
does  not  vary.  There  is  then  all  the  more  reason,  supposing  the- 
heatmg  to  be  nonexistent,  for  there  to  be  no  difference  between  the 
gas  and  the  outer  air.  -'<,^nc,r,;ry,^^q  ejxfi -lo  Yon  i^-^iioo  eri.j  jj^^ix^-rO 
The  corrective  term  becomes — ^ij.sv'^ie  siiJ  lkoi4^»Y  uiif'no  'oiis^.A 
...  ^  .... 


(a)  The  cooling  t  is  local.  It  is  produced  in  the  zone  of  equi- 
librium of  the  balloon,  without  any  initial  unballasting.  The 
principal  term  of  z  is  therefore  nonexistent.  The  alteration  of 
the  zone  of  equilibrium  is  indicated  merely  by  the  corrective  term, 
which  is  8, 000a,  that  is,  29  meters  per  degree  of  the  simultaneous 
cooling  of  the  surrounding  air  and  the  gas.  .  - 

Eighth  law. — Marchis  has  enunciated  the  following  law:  The 
height  of  the  zone  of  equilibrium  of  an  inflated  balloon  varies  by 
about  plus  or  minus  30  meters  every  time  the  temperature  of  the 
ah  diminishes  or  increases  by  1°,  whatever  may  be  the  size  of  the 
balloon,  its  weight,  the  nature  of  the  gas  that  inflates  it,  or  the  height 
at  which  it  is  found. 

(6)  The  lowering  of  temperature  r  is  distributed  over  a  zone  that 
is  cleared  under  the  impetus  of  an  initial  unballasting  2.  Under 
these  conditions  the  principal  term  and  the  corrective  term  inter- 
vene at  the  same  time  to  modify  3.  ^       .  .     ■  •  y        V'T  ,:T 

The  principal  term  is  expressed  as  follows:     '     '  J,  ' '  ' 

Hiiijjiii  (Uiqmisxs  10  •  Y.is-w  8,000(1  +  (xt)t/pi.  ■'tvl '  .jooiis  ■iy:^Ji<i  f^dJ  ei 
But    dShr  'semoim  .q  yuJj'iii  B^<^n:n  -^.cth^a 

^  --^ •■"^'^^-•^"*'  2  2  2  ■  .(ymj-^i^^) 

the  principal  term  may  therefore  be  expressed  thus: 


=  SOOoj^l  +  a  [t^  -  0  fjp^ 


It  therefore  diminishes  by     ^  that  is,  about  1/550,  per  degree  of 

lowering  of  the  temperature  in  a  vertical  direction,  that  is  to  say, 
when  ^  =  1.    Granting  that  the  lowering  of  temperature  by  1°  be 
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obtained  by  clearing  a  height  of  160  meters,  which  average  number 
has  been  previously  indicated,  the  principal  term  is  seen  to  be  di- 
minished by  a  value  of  about  J  of  a  meter,  which  is  negligible.  At 
the  same  time,  the  corrective  term  has  attained  the  value  of  8,000q;, 
that  is,  29  meters.  Its  importance  is  far  more  accentuated  by  the 
slight  preceding  error.  The  zone  of  equilibrium,  which  would  be 
situated,  according  to  the  unballasting  decided  upon,  at  a  height  of 
160  meters,  in  an  atmosphere  where  the  temperature  would  be  con- 
stant and  equal  to  its  value  on  the  ground,  is  brought  to  about  190 
meters,  in  consequence  of  the  decrease  of  temperature.  In-jd 

Granted  the  constancy  of  the  phenomenon  of  variation  of  temper-] 
ature  on  the  vertical,  the  elevation  of  the  zone  of  equilibrium  is 
always  in  the  same  ratio.    The  following  statement  may  be  made: 

Ninth  law. — Granting  the  decrease  of  temperature  to  be  regular, 
that  is,  1°  every  160  meters,  the  height  of  equilibrium  calculated 
in  accordance  with  the  unballasting  decided  upon  and  with  the  con- 
stancy of  the  temperature  is  raised  in  the  ratio  of  19/16.  lUijinHi 

2.  In  general  ,  ^,    ,    . . .  .  Laqiyrii-iq 

T  ,     T_  ,  -  J  'li'  ^^'^  ".'Lbi:!  si  mui'idiiiupa  1o  sjqos  ex£i 

Let  it  be  remarked  that  .      ,      Vr.,.  ,^   •  -  •■ 

r  =  T'  —  62  =  dy  =  A9.  rnlui\jorm>.  odi  lo  ^,niioo^ 
The  corrective  term  is  thus  expressed,  by  subtracting  and  by 
adding,  ■    .  '  '  - .  / 

:.  ■:       ■      .      8,000  T-{a,T-b,T  +  b,T-bT);    .  /  . 

0.0^  ro  .osR  fj.-: .      '     a^  —  bi   ^      ^      ^  '    1  10  eonsiauiiiD  'its 

or      ;;[ 'riih  -iV.  jj  (H  {tjj;. J        ^..'w  .'o  -y;:' jiiji  w!w  Jil^hm.  si'l  ,apoIl8d. 

8,000 -^[(a.i-&Jr  +  ?)i(T-r')    'I'^i  ar  ii  aoid^ff  is. 

-T>Jrii  i7;'toJ  .vlJoc-n  8,000ar  + 8,000^^ A0.        V  enol  . 

To  the  effect  t  which  we  have  just  studied,  an  effect  AO  is  added. 
The  greater  is  the  specific  gravity  of  the  inflating  gas,  the  greater 
is  the  latter  effect.  Let  us  compare,  by  way  of  example,  illumi- 
nating gas  Avliose  lifting  power  would  be  700  grammes  with  hydro- 
gen gas  of  1,100  grammes  lifting  power,  on  the  plane  of  10,000 
=  1,250).  •  ■  • 

a  —  b  ^700  £OT8J  kqxoxmq  9fij 


Illumiaating  gas . 


8,000  X  -^V  =  25  meters. 


1100  r     ,  •  r 

Hydrogen  <^  inTiqmo)  end  lo  ■^anoy/oi 


8,000  V  =4  meters. 

«i  -  Ol 
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Tenth  law. — When  the  excess  of  the  temperature  of  the  inflating 
gas  over  that  of  the  outer  air  (heating)  increases  by  1  °,  the  zone  of  . 
equihbrium  rises  by  about  4  meters  for  a  balloon  inflated  with  hydro- 
gen, and  by  about  25  meters  in  the  case  of  a  balloon  inflated  with 
lighting  gas.   ••       ■  -     s-i  • 

Note. — The  two  effects  t  and  d  are  added  when,  in  particular, 
a  balloon  enters  a  cold  zone  before  there  has  been  time  for  an  ex- 
change of  temperature  between  the  interior  and  the  exterior.  The 
special  stability  of  a  balloon  in  the  upper  part  of  a  sea  of  clouds  di- 
rectly heated  by  the  sun  is  a  consequence  of  this  double  phenomenon; 
it  is  the  fact  that  the  balloon  finds  it  equally  difficult  to  rise  above  it 
as  to  plunge  into  it  again. 

The  steadiness  of  the  balloon  in  nocturnal  ascents  is  a  conse- 
quence of  the  same  phenomenon;  we  know,  as  a  matter  of  fact,  that 
the  decrease  of  temperature  is  then  reversed  in  the  vicinity  of  the 
ground.  Such  distribution  of  temperature  therefore  tends  to  raise 
a  balloon  which  is  sinkmg,  and  to  drive  back  a  climbing  balloon. 

SLACK  BALLOONS  OR  BALLOONS  WITH  CONSTANT  GRAVITY.  ' 

■i  PS 

2.  The  gaseous  mass  enclosed  in  a  balloon  of  this  description  does 
not  coDjpletely  fill  the  capacity  of  the  balloon.  The  restricted 
volume  which  ifc  occupies  is  limited  to  tlie  lower  part  by  a  fabric 
which  mxakes  folds  and  is  slightly  raised  on  account  of  a  slight  excess 
of  exterior  pressure,  instead  of  having  an  unbroken  outline  corres- 
ponding to  its  maximum  capacity.  The  gaseous  mass  may  there- . 
fore  dilate  freely,  without  exhaustion  b}^  means  of  the  appendix. 
The  quantity  of  gas  contained  in  the  interior  is  thus  variable,  while 
the  balloon  is  slack;  and  the  total  lifting  power  of  a  constant  mass, 
of  gas  is  in  itself  constant.  This  quality,  which  forms  the  basis  of 
the  theory  of  the  slack  balloon,  is  worthy  of  being  recalled  here.  It 
supposes  the  pressure  of  the  gas  to  be  the  same  at  every  moment  as 
the  external  pressure,  and  it  is  true  in  the  case  of  variable  tempera-  _ 
tures,  provided  the  temperature  of  the  gas  and  the  temperature  of 
the  air  be  likemse  equal  at  every  instant.  We  shall  therefore  let 
the  pressure  and  the  tem.perature  vary  at  the  same  time,  in  the  gas 
and  in  the  air. 

Take  the  case  of  a  zone  of  navigation  in  which  the  pressure  is  p^ 
and  the  temperature  t^;  and  are  the  specific  gravities  of  the  air 
and  of  the  gas;  and  under  such  conditions,  i\  (round)  is  the  volume 
of  the  constant  gaseous  mass. 

^  On  a  new  plane,  the  same  factors  have  the  following  values : 


i  '"f I  a  DO"}  ej  ii  il 


2>2  ^2  «2  h  V. 


.    'y^--^---  Uiioteh  oj  :2mhrr6qgo7  ■ 
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But  if  the  gaseous  mass  is  constant,  its  rolume  varies- according  to 
the  laws  of  Mariotte  and  of  Gay-Tjussac:     ibjij'..  -ouH  k,  -Xi/vo 

As  for  the  specific  gravity  of  the  air,  the  variations  it  undergoes 

under  the  action  of  the  factors  pressure  and  temperature  are  the 

contrary  of  the  preceding,  and  are  as  follows:         .  • 

'  BO 'n  to  joimnis  Mtssqa 

Therefore:— irfo:>e.a  infra;  .  ;<d;        lo  t^L'  ? 

The  Archimedean  thrust  exerted  on  the  balloon  is  therefore 
invariable.  In  summing  up,  it  may  be  said  that  while  the  solid 
weight  itself  is  stationary,  the  loss  of  balance  applied  to  the  balloon 
is  constant: — '  '      ■  "      "r-r         •  -  -/.--r;: --f;-^   ■.. 

^  aolj-jj-ioaaf:.   %  (^-h^  -P  =  \\  (a^-l^) -P.-  rrj  giroeH.iS«  adT  -.S 

In  this  course  of  reasoning,  no  hypothesis  whatever  is  made  on  the 
relative  values  of  and  The  quality  is  true,  whatever  may  be 
the  direction  of  the  motion  produced.  A  slack  balloon,  whether 
climbing  or  descending  under  the  impetus  of  a  loss  of  initial  balance, 
is  always  subjected  to  the  same  loss  of  balance.  Consequently:' 

1.  If  the  balloon  descends,  it  only  stops  on  reaching  the  ground.  '^"^^ 

2.  If  the  balloon  climbs,  it  attains  its  zone  of  plenitude,  where  it 
behaves  like  a  fully  inflated  balloon  subjected  to  the  same  unbal- 
lasting as  that  of  starting.  It  climbs  above  its  zone  of  plenitude  to  a 
distance  corresponding  to  the  quantity  of  the  unballasting. 

The  slacker  the  balloon  at  the  moment  of  starting,  the  higher  will 
be  the  zone  of  plenitude.  Tliis  proposition  and  those  preceding  it 
are  combined  in  a  single  enunciation,  apparently  paradoxical,  in  the 
Rules  for  Military  Ballooning,  first  volume.    It  runs  as  follows: 

In  the  case  of  a  given  unballasting,  a  slack  balloon  rises  so  much 
higher  when  it  is  less  inflated  at  starting;  when  the  total  volume  is 
smaller  and  the  aerostatic  gas  stronger. 

The  zone  of  equilibrium  therefore  depends,  on  the  whole,  on  the 
remaining  solid  weight  alone.  It  is  consequently  the  same  for  a 
balloon  which  starts  fully  inflated  or  for  a  balloon  starting  slack 
under  the  same  conditions  of  solid  weight.  It  suffices  that  the 
slack  balloon  can  actually  leave  the  ground.  If  it  is  too  slack,  that 
is,  if  its  zone  of  plenitude  is  higher  than  the  zone  of  equilibrixmi  cor- 
responding to  its  total  solid  weight,  it  will  not  leave  the  ground.  ' 
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)o  ^THE  DROPPING  OF  BALLAST  AND  ACTION  OF  THE  VALVE. 

A  motion  started  in  one  direction  will  tlius  continue  '>s'ithin  the 
limits  stated  unless  there  is  intervention  on  the  part  of  the  halloonist. 
He  disposes  of  the  ballast  to  check  a  downward  motion.  He  should 
naturally  thi'Osv  more  ballast  than  is  necessary  to  cancel  the  loss  of 
negative  balance  which  would  raake  the  balloon  descend.  The 
latter  being  simply  annulled,  the  balloon  would  continue  to  descend 
by  virtue  of  its  acquired  speed.  The  direction  of  sucli  speed  must  be 
changed,  and  the  balloon  will  at  once  begin  to  clirab  again. 

It  would  naturally  climb  higher  than  the  preceding  zone  of 
equilibrium.  ; 

From  tins,  it  results  that  the  zones  of  equilibrium."  of  aii  inflated 
balloon  rise  in  progressive  proportion  in  the  course  of  navigation. 
To  check  a  climbing  motion,  the  pilot  has  control  of  the  valve. 
Through  the  action  of  the  valve,  the  balloon  assumes  additional 
weight  equal  in  quantity  to  the  lifting  power  of  the  escaped  gas. 
Hence  the  necessity,  in  maneuvering,  to  take  into  account  the 
volume  of  escaped  gas.  Trie  rules  thus  define  the  type  of  valve 
action  "coup  de  soupape" — the  increase  of  weight  which  it  produces 
is  of  the  same  value  as  the  regulation  ballast  dropping  for  the  same 
balloon. 

If  the  balloon  continues  to  climb  in  spite  of  the  action  of  the  valve, 
in  the  course  of  a  maneuver,  it  will  not  yet  be  full  at  its  preceding 
zone  of  equilibrium.  It  will  have  to  rise  above  that  zone  in  order  to  be 
full,  and  still  higher  to  annul  the  unballasting  which  made  it  climb. 
This  higher  elevation,  of  the  zone  of  equilibrium  leaves  the  balloon 
at  such  an  altitude  at  the  end  of  the  maneuver,  that  it  would  be 
necessary  to  provide  a  far  greater  reserve  quantity  of  ballast  in  order 
to  redescend.  This  leads  us  to  the  conclusion  that  the  working  of 
the  valve  necessitates  a  far  greater  consumption  of  ballast. 

The  preceding  study  is  diagrariimatical  on  account  of  its  not 
taking  into  consideration  accidental  variations  Vv'liich  might  occur 
in  the  factors  of  equilibrium.  The  variations  of  extei'ior  or  interior 
temperature  will  have  particular,  influence  on  the  motions  of  the 
balloon  in  the  direction  already  pointed  out  with  regard  to  the  fully 
inflated  balloon. 

1.  The  lowering  of  the  external  temperature  tends  to  makg  the 
balloon  rise,  or  to  check  its  descending  motion.        '   r'  .  '.  ..• 

2.  The  elevation  of  the  internal  temperature  produces  the  same 
effect. 

'Ji'j.j  a-)*jL     .s.   OVERHEATING.     ^J-'-^-  '    0  Urjo&»  'ui,i:«  t>.MiUj 

■"'  Variations  of  the  inner  temperature  are  systematically  produced 
in  the  descending  or  climbing  motions  of  the  balloon  by  reason  of 
adiabatic  compression  or  expansion. 
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In  a  slack  balloon  whicli  descends,  for  instance,  the  increase  of 
temperature  is  1°  per  100  meters  of  descent.  But  the  outer  temper- 
ature increases  only  by  about  1°  per  160  meters.  A  term  of  over- 
heating thus  arises,  which  assumes  more  and  more  ijnportance.  If 
the  regularity  of  the  phenomenon  be  admitted,  the  variation  of  the 
total  lifting  power  per  meter  cleared  on  the  vertical  may  be  deter- 
mined, or  the  coefficient  of  stability.  Marchis  states  the  coefficient 
of  stabihty  s'  =  .13s  for  a  balloon  inflated  with  h3^drogen,  that  being 
the  stability  coefficient  defined  for  the  same  balloon  when  fully  in- 
flated. Such  coefficient  of  stability  is  not  only  slight,  but  is  based 
on  a  fragile  hypothesis,  so  that  a  coefficient  of  stabihty  can  not  be 
reckoned  upon  in  the  case  of  the  slack  balloon. 

If  a  slack  balloon  is  at  equihbrium  at  any  moment,  it  must  be 
recognized  that  such  equilibrium  is  unstable.    Experiments  show  that 

if  the  equilibrium 
is  interrupted  the 
motion  generally 
continues  up  to 
the  limit  of  the 
section  in  which 
the  b  alio  on  is 
slack;  and  this 
conflrms  the 
statement  made 
the  com- 
mencement in 
the  simple  hy- 
pothesis which 
takes  no  account 
of  dift'erences  of 
temperature. 

Note. — It  follows  from  the  preceding  propositions  that  for  an  ascent 
of  long  duration,  it  is  advisable  to  start  with  an  entirety  full  balloon 
and  to  carry  the  largest  quantity  of  ballast. 

As  a  matter  of  fact,  while  tbe  slack  balloon  rises  directly  to  its  zone 
of  plenitude,  as  in  diagram  1,  for  instance,  the  full  balloon  will  reach 
the  same  zone  by  stopping  at  successive  zones  of  equilibrium  deter- 
mined by  the  sparing  use  of  all  the  ballast  carried,  according  to  a 
diagram  v/iiich  may  be  represented  by  2.  From  the  moment  when 
the  two  balloons  are  at  equilibrium  at  a  height  2,  they  may  con- 
tinue then-  ascent  under  identical  conditions.  But  the  balloon  will 
have  gained  an  interval  of  time  represented  by  i^  —  tx  (Fig.  1).  ■ 

'\o  rros.fi'j'i  '  J  r.ooUisc;  s/'l  to  sx^oi^OiX-  j."!.'iicfrfi!io  -so  griibriooasb  fjril  ui 

.i'iv)iaa.f!q:.o  -nt  (rotaaaiqxuoo  oiifidfiibfi 
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'B'O.  P-'KOT'Tf         DIAGKAMMATICAL  CONSTBUCTION.  a  HT. w  * 

The  results  obtained  in  studying  the  fully  inflated  balloon  may  be 
diagrammatically  shown  as  in  the  case  of  the  slack  balloon.  Such  a 
diagrammatical  scheme  has  even  been  utilized  by  Marchis  in  estab- 
.lishing  his  laws.    (See  pages  62  and  63,  Fig.  1  and  Fig.  2.) 

Let  the  gravities  be  expressed  in  abscissce  and  the  heights  in  ordi- 
-nates..  The  gravity  of  the  volume  of  air  displaced  by  the  full  balloon 
or  Archimedean  thrust  Va  is  represented  by  a  curve  such  as  1,  sup- 
posing the  specific  gravity  to  yeny  according  to  the  law  of  Halley. 
The  gravity  of  the  gas  Vb  is  represented  by  a  cm-ve  2,  the  solid  weight 
P  is  represented  by  a  parallel  to  one  of  the  ordinates  taken  at  P.  By 
th,. 


'  Vb 


height 


jng 


takiag  b  a  c  k 
gravity  of  the  ga 
F6,  to  that  straigh 
line  taken  as  the 
axis  of  the  ordi- 
nates, curve  3  repre- 
sents the  total 
weight  P  Fi,  or  the 
effect  of  weight  on 
the  balloon  (fig.  2). 
The  balloon  will  be 
at  equilibrium 
when  Va  =  P  +  Vb, 
that  is,  at  the 
correspond- 
to  the  meeting 
4)oiat  of  curves  1 
.and  3.  " " 
_ ,  If  curve  3  be  dis- 
placed toward  the 
left  b}^  equal  stages, 
.corresponding  t  o 
t  h  e  dropping  o  f 
successive  and 
equal  quantities  of 
ballast,  the  heights  cleared  in  consequence  of  such  unballasting  will 
progressivel.y  be  5C>       (fig.  3).  -      '  •  v    „   .  '    -  []'. 

g.vThe  propositions  of  the  aerostatic  paradox  would  likewise  be  en- 
countered by  remarking  that  the  smaller  is  the  volume  of  the  balloon 
and  the  heavier  the  aerostatic  gas,  the  smaller  is  the  angle  made  by 
the  two  cm-ves  Va  and  Vb.  In  the  case  of  a  given  lateral  displace-, 
ment,  their  bisecting  point  is  therefore  pushed  higher  up. 

The  qualities  of  the  slack  balloon  would  be  expressed  in  a  similar 
manner  in  a  diagram  of  the  same  kind.  ,  , 


Time. 


Fig. 


Gravity. 
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APPLICATION  OF  THE  LAWS  OF  THE  VERTICAL  MOTIONS  OF 
BALLOONS  TO  DiamiBLE  AIRSHIPS. 

From  the  viewpoint  of  vertical  motion  the  dirigible  is  distrnguished 
from  the  free  balloon  hj  the  introduction  of  a  vertical  force  called 
dynamic  among  the  factors  of  equilibrium.  Tliis  force,  caused  by 
the  action  of  the  air  on  the  planes  and  on  the  streamline,  may  be 
directed  in  one  direction  or  the  other,  domiward  or  upward,  and 
regulated  in  dimension  to  a  certain  extent  by  the  maneuver  of  the 
altitude  wheel  control.  The  pilot,  having  at  his  disposal  a  new 
instrument,  has  therefore  more  control  over  liis  navigation.  If" 
such  instrument  be  sufficiently  powerful,  he  can  choose  at  will,  so  to 
speak,  his  zone  of  navigation  belov/  a  certain  upper  limit.  He  no 
longer  need  have  constant  recourse  to  static  means,  particularly 
ballast.  Wliile  free  ascents  are  limited  in  duration  by  the  expendi- 
ture of  ballast,  it 
is  not  generally  the 
case  in  ascents  by 
dirigible.  Consump- 
tion of  gas  olin  e  , 
strain  or  accidents 
in  the  working  of 
the  m  ech  a  n  i  c  a  1 
parts,  or  fatigue  on 
the  part  of  the  crew 
are  the  causes  that 
usually  set  a  limit 
to  attempts  at  as- 
cents of  long  dura- 
tion. '■.l->fiJ5 
Having  consid- 
ered the  air  resist- 
ance, we  resume 
the  subject  of  dy- 
namic force,  its  ex- 
tent and  its  application.  Its  particular  importance  must  be  noted 
in  the  case  of  rigid  balloons,  on  account  of  their  high  speed  and 
their  elongated  prismatic  shape.  Such  dynamic  means  have  some- 
times been  made  use  of  in  making  rigid  balloons  clim_b  appreci- 
abl,y  higher  than  their  static  zone  of  equilibrium.  In  those  cases 
the  weight  of  the  balloon  is  equal  to  the  lifting  power  of  the  gas 
ejected  above  its  zone  of  equilibrium.  In  descending  again,  it 
shows  the  quality  of  the  slack  balloon — that  is,  it  maintains"  the 
same  loss  of  balance.  It  is  therefore  heavy  on  landing  and  so  much 
the  heavier  when  it  is  raised  higher  on  its  planes.  A  number  of  the 
Zeppelin  catastrophies  have  been  due  to  that  cause.    At  present,  such 
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sources  of  accident  are  reduced  by  lessening  the  time  dui'ing  which 
the  balloon  is  deprived  of  its  dynamic  resources.  With  that  object, 
two  propelling  groups  out  of  the  five  with  wliich  the  balloon  is  gen- 
erally provided  have  a  reverse  movement.  The  balloon  can  thus 
reach  the  landing  ground  at  a  very  low  altitude,  and  at  a  speed  which 
permits  the  pilot  to  maneuver  and  to  stop  almost  instantaneously 
by  means  of  his  reverse-movement  propellers. 

In  flexible  balloons  working  at  high  speed  the  same  error  may  be 
committed.  It  should  be  absolutely  avoided.  The  installation 
of  backw^ard  movement  propellers  is  not,  however,  generally  adopted 
by  French  dirigible  constructors. 

The  characteristic  of  the  flexible  balloon,  in  contradistinction  to 
the  rigid  balloon,  is  that  of  having  the  permanence  of  its  outer  form 
msured  by  one  or  several  ballonets,  in  which  air  blowers  inject  air 
under  pressure.  The  air  injected  during  descent  may  occupy,  with 
the  inflating  gas,  the  same  volume  as  that  occupied  by  the  gas  ejected 
during  the  corresponding  climb.  The  contractions  entailed  by 
diminutions  in  the  temperature  of  the  gas  lead  to  a  similar  need  for 
the  introduction  of  air  into  the  ballonets.  oocoflv/- 

We  shall  first  determine  the  volume  of  air  which  must  be  injected 
in  descending  from  a  determined  height.  The  temperature  will  be 
supposed  to  be  constant. 

•"In  the  case  of  a  small  height  being  cleared,  where  the  variation  of 
pressure  is  small,  we  know  that  the  variation  of  volume  aV 
is  given  by  -     .    •    -  -  -  •-   

'^f  -vnufr-  H  -y-=-y^  (absolute  values).  .  (1) 

d.  ■r<-<2. 'jsi  Qia'Ji.-:>  ■'        j,:)  ilo:         1 j  'lo  nc^jj.'i)]:'^! 

^g.;  At  the  same  time  leo-iiv'v  ■;^/^;l0J^;^0l  ifio?'i''=:A-^'.^ic 

■r-r-f-t  oi-  ''■■r,Cid  bixfOjda  JoxiO:     P     S,000    vjloGac:;  £s.isr^:l<:uyn  ^d'T 
therefore        .,^^2,9.^.3. ,  ^  y.,lu^<nb'>o  :.„..r.ido 


The  i^^ewru^, in  descending  400  meters,  will  thus  have  in  its  ballonets 
an  approximate  volume  of  6,500x400/8,000  =  325  m3  of  air.    e'  ' 

Let  us  now  suppose  a  greater  height  to  be  cleared,  and  consider 
in  particular  the  greatest  height  which  the  balloon  can  attain.  The 
volume  of  air  blown  into  the  ballonets  dui'ing  descent  will  show  what 
should  be  the  total  volume  of  the  ballonets. 

Let  p  be  the  pressure  on  the  ground  and  p'  the  pressure  at  the 
highest  plane.  If  V  be  the  volume  of  the  balloon,,  at  plane  p'  the 
gaseous  mass  Vv'hich  fills  the  balloon  at  startmg  occupies  a  volume 
V,  so  that 

-  '     V'  v'=p  V.  ^ 


THEORETICAL  COUKSBS  OK  AERONAUTICS. 


The  volume  of  the  gas  exhausted,  measured  under  that  pressure 
'p',  is  therefore  V  —  V.  Now  it  is  evident  that  the  quantity  of 
the  gaseous  mass  ejected  during  the  cUmbing  movement  would  be 
just  sufficient  to  replenish  the  balloon  during  its  descent.  But  the 
gaseous  mass  occupying  a  volume  V  —  V  at  plane  p'  would  occupy, 
on  the  ground,  where  the  pressure  is  ^,  a  volume  of'uuq  'jii  j;  &Juij,'i&.q 

.  ,vi  c..,.-v.-.*^>  .-./i  eirf- '!o,  enBBm,,-5f^d 

-  .  .  ..    .         .,  .  '.^    {V'~V)flp,  '  ..  '-..^  [ri-AA  iA: 

If  air  be  injected  instead  of  gas,  it  is  evident  that  the  same  volume 
will  complete  the  filling;  that  is,  the  ballonets  should  contain  on 
reaching  the  ground  the  foUov/ing  volume  of  air:  '      '-r^-'^''  ''V:"--':^  ^^_<.^ 

r-' ■     v=iV'-V)  p'/p.^  ■■•  .  ■    rf-^  '.j-o-h 

This  should  at  least  be  the  capacity  of  the  ballonets.  '''^^ 


■xslrm; 

nipilai 

'.:i:o  mox J u^oP    P'     p  —  p'  gaibisQq^ei'xp')  arvf 

whence  "       • — — ^^-^-tj.'r  liri. 'to  noj.joMborJni  iS^^^ 

Let  the  two  factors  be  multiplied  by  p'lp,  when  the  result  is^.  ,;^ 

v_p-p'       ^  ,.     -       -  -o^iqi^a 

Let  us  return  to  formula  (1)  first  established  for  small  changes. 
The  same  formula  therefore  holds  good  for  any  changes  whatever, 
if  A  F  does  not  actually  signify  the  increase  of  volume,  but  the 
reduction  of  that  fraction  of  the  volume  at  ground  pressure.  Such 
arithmetical  reduction  corresponds  to  the  actual  volume  which  fills 
the  ballonet. 

The  minimum  capacity  which  the  ballonet  should  have  is  thus 
obtained  by  estimating  v  in  formula  (2),  expressing  in  the  second 
factor  the  relative  depression  corresponding  to  the  maximum  height 
the  balloon  can  attain.  The  relative  depression  is  obtained  by 
referring  to  Hergesell's  table. 

For  an  altitude  of  4,000  meters,  for  instance,  p72^  =  about  G/10- 

Therefore       n;jO  jar)o{u;d  - — ^  


therefore 


p       10         ,  -        ,  -. 

F    10  h--ffr-^><tj'ict  h 


The  balloons  which  made  land  expeditions,  sometimes  attaining 
altitudes  higher  than  4,000  meters,  had  ballonets  of  a  volume  equal 
to  half  the  total  volume  of  the  balloon.  In  all  balloons  the  volume 
of  the  ballonets  should  be  amply  calculated.    ,,  ..    .., ,  .  ,      , , 
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Let  us  recall  the  fundamental  diagi^ammatical  law  of  the  vertical 
movements  of  balloons  in  order  to  establish  a  i-elation  between  the 
volume  of  the  ballonets  and  the  total  quantity  of  ballast  carried. 
Col.  Renard's  law  is  as  follows:  The  relative  imballasting  is  equal 
to  the  relative  depression. 

If  L,  therefore,  be  the  total  weight  of  ballastwhich  may  be  dropped, 
the  pressure  p'  on  the  upper  plane  attained  will  be  such  that 

therefore  ^    ' /, "     ;     .  '         ^  =  f  •  '  ''^ ' ^ ^'^^ 

If  the  lifting  power  <p  on  the  ground  is  about  1.1,  it  is  therefore 
evident  that  'H>  i,(,U\t)l:    .,i  =  c^\()ir    .U!iO,Of\5\       \  OxO\o 


The  volume  v  of  the  ballonets  in  cubic  meters  should  be  practi- 
cally equal  to  the  weight  of  all  the  ballast  that  can  be  dropped  in 
kilos.  This  ballast  naturally  includes  the' gasoline,  lubricating  sub- 
stance, ammunition,  and  reserve  water.  It  is  even  prudent  to  add 
to  the  figure  thus  obtained  the  maximum  thrust  that  may  be  obtained 
by  employing  dynamic  means.  When  attacked  or  pursued,  the 
du'igible  vrould  thus  be  able  to  seek  safety  in  the  maximum  height 
of  its  navigation  altitude.  It  would  be  a  wise  precautionary  measure, 
moreover,  to  provide  the  ballonets  v\'ith  rip  panels,  which  would 
enable  them  to  communicate  with  the  balloon  in  case  of  need. 

EFFECT  OF  EXCESSIVE  INTERIOE  PRESSURE  Olf  THE  EQUI- 
LIBRIUM OF  THE  FLEXIBLE  BALLOON.  .  ,;rp 

In  considering  the  vertical  movements  of  balloons  no  account 
has  been  taken  of  interior  overpressure,  which  but  slightly  affects 
the  lifting  power  of  the  balloon. 

In  flexible  du'igible  balloons  such  overpressure  attains  a  far  greater 
value.  An  average  value  may  be  considered  as  equal  to  40  milli- 
meters of  water.  Let  us  see  how  it  affects  the  equilibrium  of  the 
balloon:  J 

1.  The  balloon  is  full  of  gas:  a.  The  specific  gravity  of  the  gas 
is  not  proportionate  to  the  external  pressure  ^,  but  to  p  +  /\p,  Ap. 
being  the  overpressure.  .  .  i..  ,  r^'r- 

Suppose  the  average  specific  gravity  of  the  gas  to  be  150  grams 
at  the  plane  of  10,000. 

A(Ap)  =40  corresponds  to  an  increase  of  specific  gravity  equal  to 

.  ^i  "^""  '        150  X  40/10,000  =  . 6  gr. 
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i  The  cubic  meter  of  gas  is  thus  rendered  so  much  heavier.  Its 
plane  of  equilibrium  is  thus  lowered  by  a  height  of  A  =  8,000  II ^p,  1 
being  the  increase  of  weight,  and  ^  the  solid  weight  which  the  cubic 
meter  of  gas  is  capable  of  raising;  that  is,  its  lifting  power  is  as 
follows : 

,.-.qr.o.h  .0  ^ftni  ^';  a  =  8,000,  ,.n  =  4.4m.  '/'^  •'^'f'^'^^-^-^^^ 

;]3i;;i  ',u  I,2o0-150  ,yA:]  ao  v\  o'lireftd 


>10,  b 


Ik- 


Let  us  suppose  that  the  altitude  increases,  the  external  pressure 
becoming  p  kilos  per  square  meter,  and  the  increase  of  weight  per 
cubic  meter  of  gas  being  equal  to  the  fraction  40/p  of  the  specific 
gravity  of  the  moment,  which  is  equal  to 

&oP/10,000;  - 

therefore  1  =6o  ^'/10,000.    40/p  =  ?»o-    40/10,000.  JtijiD  jiiqlv 

It  is  tlius  constant  and  equal  in  the  numerical  example  chosen  to 

6o=  150  grams  to  .6  gr. 

But  at  plane  p,  the  same  deficit  in  height  does  not  correspond  to 
such  increase  of  weight.    It  is  here:  if^rl  ■ ' 

D  KU/iJtlC^  O;;  Y^■f(i  r;;n..3  •:v|ti'  '  ■;l!.e.3do  nDllJ  w 

being  the  lifting  power  at  plane     we  get      -.•rm/ntvL)  g/i/v;'.  /J 


v:>'=p/10,000. 


Let,  for  instance,  f  =  9,000,  which  corresponds  to  a  relative  depres- 
sion of  1/10  and  to  an  elevation  in  height  of  840  meters.  ' 

^iJy^\  ^xAV  =  i  100x9/10  =  990  grams. 

Therefore   ----  ''^'^ 
=  30,000  X  .6/990  =  5  meters. 

The  lowering  of  the  zone  of  equilibrium  is  5  meters  instead  of  4.4 
m.,  that  is,  6  cms.  more.  .uc-^'.m.:^  -im*  au  j-^  •-■  - -     .^  j  .i.  /w  j 

A  relative  unballasting  which  makes  the  balloon  climb  840  meters 
without  interior  overpressure,  that  is,  a  relative  overpressure  of 
1/10,  makes  a  balloon  maintained  at  an  interior  pressure  of  40  milli- 
meters climb  a  height  of  40  millimeters  less.  • 

This  result  clearly  shows  the  illusion  of  taking  into  account  the 
interior  overpressure  and  the  increase  of  weight  resulting  therefrom 
in  determining  altitudes. 

The  interior  overpressure  is  more  remarkable  for  its  variations  and 
for  the  variations  resulting  therefrom  in  the  volume  of  the  balloon. 
This  has  already  been  pointed  out  from  the  v/eight  standpoint. 
When  the  volume  of  the  balloon  diminishes,  the  interior  pressure  also 
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diminishes  the  volume  subjected  to  the  Archimedean  tlirust.  The 
action  of  the  valve  evidently  increases  the  weight  of  the  balloon. 
-When  the  Fleurus  ejects  gas  from  30  millimeters  to  20,  it  increases 
■in  weight  by  about  15  kilos.    The  same  increase  in  weight  is  pro- 
.duced  when  the  pressure  drops  from  30  to  20  in  consequence  of  the 
[interior  pressure  alone,  or  by  the  diminution  of  overheating.    If,  on 
;the  contrary,  variations  of  volume  and  consequently  of  interior 
pressure  are  produced  by  the  variation  of  atmospheric  pressure  or 
by  variations  of  the  outer  and  inner  temperatures  taking  place  at 
the  same  time,  the  balloon  gas  behaves  like  a  gaseous  mass  free  to 
imdergo  the  variations  of  volume  imposed  upon  it  by  atmospheric 
conditions  (the  compression  of  some  millimeters  more  or  less  of 
-water  affects  its  weight  to  an  unimportant  degree).    The  loss  of 
balance  is  therefore  constant.    So  long  as  the  balloon  undergoes 
slight  variations  of  altitude  which  cause  variations  in  the  inner  pres- 
sure mthout  necessitating  exhaustion  of  gas,  the  balloon  behaves 
like  a  slack  balloon.    In  a  continuous  climbing  movement,  the  de- 
crease in  the  loss  of  balance  is  discontinued.    It  is  determined  only 
by  the  exhaustion  of  gas. 

Note. — It  has  been  stated  above  that  the  action  of  the  valve  in- 
creases the  weight  of  the  dirigible  balloon.  This  is  true  within  the 
limits  in  which  the  variations  of  interior  overpressure  act  upon  the 
exterior  form  of  the  balloon.  The  table  of  the  variations  of  volume 
of  the  Fleurus  shows  that  with  the  same  increase  of  inner  overpressure, 
the  stronger  is  such  overpressure,  the  less  does  the  volume  increase 
(12  cubic  meters  by  1  to  2  millimeters,  4  cubic  meters  by  10  to  11, 
and  1  cubic  meter  by  24  to  25  millimeters).  It  may  thus  happen,  if 
it  is  necessary  to  navigate  for  the  time  being  under  very  liigh  pres- 
sure, that  the  diminution  of  interior  overpressure  due  to  the  action 
lof  the  valve  entails  only  an  unimportant  diminution  of  the  exterior 
volume.  In  such  case,  any  escape  of  gas  which  is  not  followed  up 
by  the  intake  of  an  equal  volume  of  air  into  the  ballonets  would 
lighten  the  balloon. 

2.  The  balloon  contains  air  in  its  ballonets.  That  air  comes  into 
juxtaposition  with  the  gaseous  mass,  which  always  follows  the  varia- 
tions of  volume  imposed  by  atmospheric  conditions,  in  approximate 
accordance  with  the  compression  recognized  as  unimportant.  The 
balloon  into  which  air  is  driven,  or  out  of  wliich  air  is  pumped  by 
means  of  the  valve,  therefore  behaves  like  a  slack  balloon,  its  loss  of 
balance  being  constant. 

It  must,  however,  be  noted  that  the  same  compression  of  40  milH- 
meters  of  water  produces  a  greater  absolute  increase  of  gravity  in  a 
cubic  meter  of  air  than  in  a  cubic  meter  of  gas.  Such  increase  is 
1,250x40/10,000  =  5  grammes  instead  of  .6  grammes.  When  a  bal- 
loon descends  and  is  equilibrated  from  the  commencement  of  the 
movement,  its  giavity  systematically  increases  by  5  grammes  with 
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every  cubic  meter  of  air.  The  FJeurus,  descending  from  a  height  of 
about  1,200  meters  and  having  1,000  cubic  meters  of  air  in  its  bal- 
lonets,  increased  in  gravity  by  5  kilos.  A  balloon  like  the  Cham- 
pagne, descending  after  a  war  expedition  with  more  than  6,000  cubic 
meters  of  air  in  its  ballonets,  systematically  increased  by  30  kilos. 
That  modification  in  the  factors  of  equilibrium  is  even  very  slight 
for  such  a  balloon.  In  any  case,  consequently,  the  effect  of  the 
compression  of  air  or  gas  in  a  balloon  is  unimportant,  and  a  dirigible, 
equilibrated  at  its  highest  navigable  altitude,  may  be  practically 
considered  to  be  equilibrated  at  any  lower  altitude. 

Accidental  losses  of  balance,  which  ma}-  occur  in  the  course  of  any 
ascent,  are  far  more  important.  The  art  of  the  maneuver  lies  in 
averting  them  at  any  moment.  They  are  especially  due  to  varia- 
tions of  temperature,  and  in  particular  to  the  overheating  factor. 
The  latter  is,  however,  of  less  importance  than  in  free  balloons, 
because  the  dirigible  constantly  renews  the  zones  of  air  with  which 
it  comes  in  contact  by  its  own  movement,  like  a  gyrostatic  thermom- 
eter. But  its  great  volume  prevents  it  from  assuming  the  exact 
temperature  of  the  zones  of  air  through  which  it  passes.  The  over- 
heating term  thus  exists  in  an  unknown  and  variable  sense,  and  is 
complicated  by  the  continual  phenomena  of  compression  or  expan- 
sion accompanying  all  the  variations  of  interior  overpressure.  Its 
influence  alone  would  not  be  sufficient  to  call  for  continual  attention 
on  the  part  of  the  pilot. 

Note. — In  conclusion,  we  shall  here  state  an  empiric  lule  that  is 
particularly  applicable  to  night  ascents,  but  which  generally  suffices 
and  does  away  with  the  need  for  constant  recourse  to  formulas: 

For  10,000  cubic  meters  900  grammes  must  be  dropped  in  order 
to  rise  1  meter  and  to  drive  1  cubic  meter  of  air  into  the  ballonet 
when  descending  1  meter. 

'  ■  '  ■■-''''•■■''^  .itoonfid  oxtJ  i 
ofm  ir'jHVx-j  ih-;  ..l-nriT  •  ,a/«fi.oiLe.-!  ^i.i  .^tiitrB  iRfiiB*fl'?0:-.nodif«d  .'iff'.' 

rJ  f>oqiuc<|  d       ilaiihf-  'to  i-uo  lo-.^v. .  rsk¥.:Oiin  if  to.-.  I' 

'to  ''MO I  ■■.'•1'  .itooiUi'.l  >v) ;;]«  .(!  ojlf}  .■p'iyiiihfU. ixrt^tVymli  ,Brl«r  f>di  to 

-Hij!'.;  t»!?,lo  .;•:>.<«••-.  r.(ifil<50  HiiUiVt  ni^-J  lij-iji-h  WOlO>;  '9;<^ ','1^5V^>^64  ..  j"3if.fH-*'.^ 

i!  xti  v;ii'v:-Mi'i.j  ''t'  fiUfS'squ.i  .iUdo-eJa  -lotm-tf},  a  mosiho-'.a,  'iS'!-    "  '  ^:mpj.'. 
s(  ■.>tkii(i-spai  /bit';-'-    Ji.i^...'io  re.MXXJf-  -pii-ftr!* :-tj  -isi . aMil ■  ■•ica.stc   .  oidfjo^ 
-Jiif\  ji  aml'iJ    .r.-urraifi-fii  i).  ro  Imd'imi.  fcom^r.frig.--?? «i»-i3,00^0i.\0-l->fe.'0f- - 
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